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Abstract  

 
Viruses are intracellular parasites that can subvert host cellular systems to enable 

the production of progeny viruses, which are then able to infect more cells. 

Transmission electron microscopy is one the main ways in which viral replication 

within cells can be directly visualised in a way that reveals ultrastructural details. 

Throughout this project I have utilised transmission electron microscopy to elucidate 

aspects of viral replication cycles within the cytoplasm of infected cells.  

In chapter three I investigated the effects of Tula virus infection on cellular 

architecture in collaboration with Katherine Davies. Tula virus belongs to the 

hantavirus genus along with several other hantaviruses which are responsible for 

zoonotic illness in humans. From our investigation it was found that Tula virus forms 

large filamentous structures within the cytoplasm of infected cells that increase in 

size as infection progresses. These filamentous structures have been observed in 

New World hantavirus infected cells before, but this is the first time that the filaments 

have been identified in an Old World hantavirus. Furthermore, it was found that Tula 

virus infection results in the enlargement of the cell endoplasmic reticulum, 

potentially through inducing endoplasmic reticulum stress.  

In chapter four I explored the role of liquid-liquid phase separation in rotavirus 

viroplasm formation. Rotaviruses are the most common cause of diarrhoeal disease 

in children, and they form viral factories within infected cells known as viroplasms. I 

found that when rotavirus infected cells were treated with an inhibitor of liquid-liquid 

phase separation, viroplasms reduced in size. This indicated that liquid-liquid phase 

separation is an important aspect of rotavirus viroplasm development.  

Finally, in chapter five I examined the role of the host guanine nucleotide exchange 

factor DOCK5 on herpesvirus cellular egress. Herpesviruses are known for causing 

life-long infections in humans in over half the global population. I found that the 

gammaherpesvirus Kaposi’s sarcoma associated herpesvirus causes endoplasmic 

reticulum remodelling in infected cells, potentially in a manner similar to herpes 

simplex virus 1. I also found that evidence that DOCK5 is located within the nucleus 

of fibroblast and lymphocytes, despite the literature describing it as a cytoplasmic 

protein.  

The experiments above demonstrate how transmission electron microscopy can be 

utilised to better understand viral replication cycles. 
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understand viral replication cycle

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2 
 

1.1 Introduction  

 

Viruses are obligate intracellular parasites that convert host cells into viral production 

factories. They can infect all known forms of life, ranging from prokaryotic archaea 

and bacteria all the way to complex multicellular eukaryotes and even other viruses 

(Koonin et al., 2015, Mougari et al., 2019). Viruses employ a variety of strategies to 

infect their host, although most enveloped viruses employ viral glycoproteins to 

attach to specific host receptors to gain entry (Dimitrov, 2004). Once a virus has 

entered a cell, it immediately begins subverting anti-viral host responses in addition 

to co-opting the cellular metabolism. Eukaryotic viruses often seize control by 

manipulating host organelles and remodelling cellular membranes to form viral 

factories which act as a centralised base for protein production and genome 

replication (Fernández de Castro et al., 2020). Although the specific details vary per 

virus (e.g. viral factory structure, components, location, etc.), they are unified by the 

outcome; viral propagation. After the viral components have been produced they 

must be assembled into functional virions. Virions often contain a genome, protein 

capsid, and sometimes a lipid outer membrane (Prasad and Schmid, 2012). After 

assembly, the fully formed virus is released from the cell in a number of different 

ways, ranging from explosive lysis to gradual budding. Entire viral replication cycles 

are extremely complex and variable (Jones et al., 2020). Replication cycle variations 

can even exist between the same virus that infects different cells (e.g. herpes 

simplex virus 1 [HSV1] can infect both neuronal and epithelial cells (Schelhaas et al., 

2003)). A greater understanding of viral cellular processes is crucial for 

understanding how these viruses work and subsequently how they can be inhibited. 

One way to study virus replication inside a cell is to employ transmission electron 

microscopy (TEM), which provides atomic to molecular understanding of the cell. 

 

1.2 Transmission electron microscopy  

 

TEM utilises a high-voltage electron beam which is focused through magnetic lenses 

to image samples. The biological sample (e.g. tissues or cells) are embedded within 

plastic and are sliced into ultra-thin sections, allowing the electron beam to transit 

through (Graham and Orenstein, 2007, Winey et al., 2014). Due to the low electron 

density of biological samples, heavy metal stains are used to saturate the 

membranes, proteins, and genomic material within the sample (Watson, 1958). The 
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heavy metal stains obstruct the electron beam as it passes through the sample in 

proportion to their relative electron density. The electron beam is then captured on a 

fluorescent screen which can be seen in real-time. The magnetic lenses can be used 

to focus the view, which can then be imaged on a digital camera as an electron 

micrograph (Graham and Orenstein, 2007, Winey et al., 2014).  

Due to the extremely small nature of viruses and the resolving power of electron 

microscopes, TEM remains one of the main techniques of directly visualising viruses 

within infected cells. This is in part due to the difficulty in using light microscopy to 

image viral ultrastructure in detail (Cheng and Walz, 2009, Romero-Brey and 

Bartenschlager, 2015). Whilst biochemical tests such as polymerase chain reaction 

(PCR) and enzyme-linked immunosorbent assay (ELISA) provide quicker and often 

simpler diagnostic results, EM is considered as a gold-standard in the identification 

of novel emerging viruses and as such is often used in combination with other 

biochemical tests in diagnostics (Romero-Brey and Bartenschlager, 2015, Hazelton 

and Gelderblom, 2003, Dittmayer et al., 2020). For example, EM has been useful in 

the recent pandemic severe acute respiratory syndrome coronavirus 2 (SARS-CoV-

2) (Udugama et al., 2020, Kim et al., 2020). In addition to viral classification and 

diagnostics, EM has been key to the visualisation of viral structures and the 

elucidation of viral life cycles, which is the main focus of this thesis (Romero-Brey 

and Bartenschlager, 2015, Cheng and Walz, 2009, Hesketh et al., 2018, Punch et 

al., 2018, Davies et al., 2020, Liu et al., 2019).  

 

1.3 Sample preparation for TEM 

 

For biological samples to be imaged via TEM, they need to be able to withstand the 

harsh environment within the microscope, which operates in a vacuum and 

bombards the sample with harsh ionising radiation. Therefore, samples need to be 

prepared in a way which minimises damage, and preserves their biological 

ultrastructure (Figure 1.1). For example, hard and dry materials which contain heavy 

metals are less likely to be damaged by radiation and will provide good image 

contrast. Consequently, organic materials which are neither hard, dry, nor possess 

heavy metals will need to be processed in a way which prepares them for TEM 

(Franken et al., 2020). As TEM has been used to image biological samples for 

decades, there are numerous preparation methods, with the specific approach being 

optimised for the sample in question (Graham and Orenstein, 2007). I will briefly go 

over the main steps in TEM sample preparation below.   
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1.3.1 Fixation 

 

The first step in the preservation of biological samples is fixation. Fixation stops 

metabolism in the tissues or cells and aims to preserve subject in life-like conditions 

(Wisse et al., 2010a). The most common method of fixation is through chemicals 

such as formaldehyde, glutaraldehyde or paraformaldehyde. These chemicals create 

cross-links between molecules within the sample, stabilising and preserving 

structural details (Romero-Brey and Bartenschlager, 2015). The fixatives used 

should be matched to the physiological conditions of the sample as much as 

possible, and so should be isothermic to avoid temperature shock, and also isotonic 

Figure 1.1: A simplified overview of the sample preparation for TEM.  

Starting with fixation (1), cells are fixed in a number of different fixing agents (e.g. 
glutaraldehyde) to freeze metabolism and preserve the sample. Following fixation, cells 
undergo an additional post-fixation staining step with heavy metals (e.g. osmium tetroxide 
or uranyl acetate). Next, cells are dehydrated (2) with an ascending ethanol series to 
remove water from the sample. After dehydration, cells are embedded (3) within an epoxy 
resin which solidifies the sample. Once the cells are embedded, they can be sectioned (4) 
with an ultra-microtome to generate ultra-thin sections which are placed on an electron 
microscopy grid. Post sectioning, the cells are positively stained (5) in uranyl acetate and 
lead citrate. Finally, stained cells are imaged by transmission electron microscopy (TEM) 
(6). Figure was made using BioRender.  
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to avoid unwanted fluid movement (Wisse et al., 2010a). Once fixed, samples 

undergo post-fixation staining with heavy metals such as uranyl acetate or osmium 

tetroxide. Osmium tetroxide is useful for staining lipids, encouraging the retention of 

lipids and also acts as a protein fixative (Nielson and Griffith, 1979, Stoeckenius and 

Mahr, 1965).  

A newer and perhaps better method of preserving samples is cryo-fixation. Cryo-

fixation involves freezing tissue or cells instantly at extremely low temperatures using 

liquid nitrogen. Frequently, the sample is actually frozen in liquid ethane or a mixture 

of ethane and propane which is cooled by the liquid nitrogen. The quick speed of the 

freezing produces glass-like vitreous ice, and prevents the formation of crystalline ice 

(Studer et al., 2008). Not only does crystalline ice damage the sample as it expands, 

but it also interacts with the electron beam, obscuring the sample (Dubochet et al., 

1988, Studer et al., 2008). Cryo-fixation is limited to thin samples (~<10 µm), as the 

increased thickness slows freezing at the centre of the sample, resulting in 

crystalline ice formation. This can be mitigated by high-pressure freezing, which 

allows cryo-fixation of thicker samples (up to ~300 µm) (Franken et al., 2020, 

Vanhecke et al., 2008). Interestingly, chemical and cryo-fixation can be combined 

together (Romero-Brey and Bartenschlager, 2015). This technique is frequently used 

when working on extremely hazardous pathogens, where access to cryo-fixation 

equipment is often not available (Sherman et al., 2013). Therefore, the pathogenic 

samples are first chemically fixed, allowing for their removal from the secure 

laboratory as they are chemically inactivated and no longer pathogenic. The samples 

are then cryo-fixed, resulting in a double-fixation which has been shown to result in 

better subcellular structure preservation than chemical fixation alone (Romero-Brey 

and Bartenschlager, 2015, Sosinsky et al., 2008, Romero-Brey et al., 2012c).  

 

1.3.2 Dehydration 

 

The next step in sample preparation is the removal of water from the tissues or cells 

(Graham and Orenstein, 2007). The dehydration of the sample is necessary for two 

reasons. Firstly, water in a vacuum (e.g. inside an electron microscope) will 

spontaneously evaporate, resulting in severely damaged cells. Secondly, the resin 

that the sample is later embedded within is hydrophobic. Sample dehydration is 

achieved through submerging cells within a series of ascending alcohol 

concentrations (e.g. 40 %, 60 %, 80%, and 100%) (Stadtländer, 2005, Graham and 

Orenstein, 2007). This increasing concentration results in a gentler removal of water 

from the sample, reducing the formation of artefacts. Although shrinkage along with 
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protein and lipid extraction can occur from ethanol dehydration. Next, the sample is 

submerged in propylene oxide which acts as a transitional solvent as it is miscible 

with the plastics used for embedding (Stadtländer, 2005).  

 

1.3.3 Embedding 

 

Once dehydrated, the samples can be embedded. The process of embedding 

involves the infiltration of epoxy resin into the cells and tissues, which are then 

polymerised to form a hard plastic that can be sectioned (Winey et al., 2014). A 

variety of different resins are applicable for use in TEM, with epoxy resins being the 

easiest to section and stain. The large degree of structural preservation achieved 

with epoxy resin allows for high resolution imaging (Romero-Brey and 

Bartenschlager, 2015). Cells that have been cryo-fixed can also be embedded in 

resin through a process known as freeze-substitution. Freeze-substitution replaces 

the ice with a solvent (such as acetone) containing a fixative and contrasting agent. 

The sample is then infiltrated with an acrylic resin as mentioned above and 

polymerised (Hawes, 2015, Bykov et al., 2016). Freeze-substitution also allows for 

the preservation of (part of) the sample’s  epitopes, allowing for immunogold 

labelling. 

 

1.3.4 Sectioning and Staining 

 

Due to the inability of the electron beam to transit through an entire resin embedded 

cell, the sample must be sectioned before being imaged. To generate sections that 

are thin enough to be imaged, a glass or diamond knife must be used along with a 

ultramicrotome (Winey et al., 2014). Ultrathin sections in TEM are often between 60-

80 nm in thickness, and will float on top of the water-filled boat that surrounds the 

knife, allowing for easy collection onto the TEM grid (Winey et al., 2014). As the TEM 

sample grid is small (~3 mm), sections must also be small to be loaded onto it 

(usually <1 mm). Once collected, sections will need to be further contrasted with 

heavy metal in post-section staining. The post-section staining of samples is 

frequently carried out first with uranyl acetate, and then with lead citrate (Reynolds, 

1963, Winey et al., 2014). The contrasting of tissues and cells with uranyl acetate 

often occurs through positive staining, as opposed to the negative staining used for  
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-particle analysis. In positive staining, the uranyl acetate is allowed to penetrate deep 

within the sample, staining the internal cell structures (Tokuyasu, 1978). In negative 

staining, the stain forms an electron dense shadow around the particle of interest 

with the particle within appearing lighter (Scarff et al., 2018). Positive staining 

involves submerging the sample grid within uranyl acetate for longer, and is followed 

with lead citrate staining. Once the newly stained grids have dried, they are ready to 

be imaged using a transmission electron microscope.  

 

1.4 TEM techniques 

 

TEM can be combined with additional techniques to generate more information. TEM 

alone generates two-dimensional, grey-scale micrographs, which can offer limited 

insights into complex 3D biological processes. Therefore conventional TEM has 

been augmented overt-time to generate 3D reconstructions, and to identify specific 

components. Below I describe some TEM approaches, and illustrate their potential to 

image viral life cycles with selected examples. 

 

1.4.1 Serial Section TEM  

 

There are several ways of generating 3D in situ images through TEM, which offer 

greater information on 3D biological structures. One of the earlier techniques used 

was serial sectioning TEM (ssTEM) (Schauflinger et al., 2013b). ssTEM is a process 

in which a sequential length of ultrathin (<100 nm thick) sections are created, imaged 

through TEM, and then stacked together computationally to form a 3D image (Harris 

et al., 2006, Schauflinger et al., 2013b). The technique only requires the essential 

equipment for TEM, and can be combined with other techniques such as 

immunogold labelling (Schauflinger et al., 2013b). The method is however limited by 

the technical difficulty in obtaining a continuous sequence of sections, which can 

lead to missing sections and image alignment issues. As a result of how labour 

intensive and technically difficult ssTEM is, other methods of 3D EM have been 

developed (Jin et al., 2018, Harris et al., 2006, Romero-Brey and Bartenschlager, 

2015, Denk and Horstmann, 2004). Despite this, ssTEM remains a fundamental 

technique that requires relatively inexpensive equipment and can result in high 

quality images (Fontana et al., 2008, Roingeard et al., 2008). For example, ssTEM 

was used by Schauflinger et al. (2013a) to better understand secondary 
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envelopment in human cytomegalovirus (HCMV). The researchers created 3D-

reconstructions of the stages of HCMV budding into host membranes at the viral 

assembly complex, revealing ultrastructural details of HCMV morphogenesis 

(Schauflinger et al., 2013a).   

 

1.4.2 Electron tomography 

 

One of the more popular techniques for generating 3D models is electron 

tomography (ET). ET generates 3D volumes (known as a tomogram) of target 

objects and has been used to visualise cellular structures (e.g. organelles, 

membranes, filaments etc.) by taking several images of a 3D structure over a range 

of orientations (Scott et al., 2012, McIntosh et al., 2005). As such, ET can be used to 

visualise virus-cell interactions to a resolution of 5 to 10 nm (Ishikawa, 2016, 

Diebolder et al., 2012). ET circumvents the section alignment issues mentioned 

above through the use of thicker sections. Due to the increase in section thickness 

(200-400 nm) there are more structures contained within each section, resulting in a 

greater amount of information being available per section. However, although 

sections do not need to be aligned, ET projections do. Recently, ET projection 

alignment have been automated making it less work-intensive than the manual 

alignment of sections (Mastronarde and Held, 2017). Consequently, most of the time 

ET does not rely on multiple sections to generate tomograms. However, ET can still 

run into the same issue as ssTEM. Structures that are larger than 1 μm (e.g. 

mitochondria, viroplasms, etc.) do not fit within this ET range. Serial section ET can 

be used to mitigate this, but it runs into the same issues as serial sectioning (Jin et 

al., 2018, Denk and Horstmann, 2004, Koning et al., 2018). For example, ET was 

used by Gui et al. (2016) to better understand membrane fusion in influenza virus. 

Through cryo-ET, they were able to create 3D reconstructions of four distinct 

membrane intermediate structures that lead to fusion events in influenza entry, by 

mixing influenza virus and liposomes in vitro at low pH.  

 

1.4.3 Correlative Light Electron Microscopy  

 

Correlative light-electron microscopy (CLEM) combines the resolving power of TEM, 

with the ability of fluorescence microscopy (FM) to localise specific structures. The 

process involves preparing cells for TEM, in a way that preserves fluorescent tags or 

their epitopes. That way, cells can be fluorescently imaged prior to TEM, to identify 
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the structure or regions of interest. Then the cells are imaged through TEM, the 

orientation is matched with the fluorescent images, and the same regions of interest 

can be imaged with molecular detail (de Boer et al., 2015, Cortese et al., 2009, 

Santarella-Mellwig et al., 2018b). Samples can be prepared for TEM already 

fluorescently tagged, or the labelling can occur post embedding. Regardless, the 

usual TEM preparation is normally specifically determined by the research question 

(Bykov et al., 2016). For example, embedding samples within epoxy resin denatures 

proteins resulting in the loss of epitopes, rendering immunolocalisation experiments 

invalid (Begemann and Galic, 2016, Bykov et al., 2016). A solution to this is cryo-

fixation which removes the need for resin embedding when the sample is imaged 

through cryo-TEM. Samples can also undergo freeze-substitution, as long as certain 

resins are used. For example, methacrylate-based resins preserve some protein 

structure allowing for antibody localisation (de Boer et al., 2015, Bykov et al., 2016). 

Probes have even been developed for CLEM which are visible during both FM and 

TEM. For example, Quantum dots appear as colourful fluorescent probes by FM, 

and as black dots through TEM (Killingsworth and Bobryshev, 2016). CLEM has 

been employed in a number of studies to better understand virus-cell interactions. 

For example, CLEM was used by Wang et al. (2017) to better understand virological 

synapses in HIV T-cells. Virological synapses are structures that form at points of 

contact between infected and non-infected cells, facilitating viral transmission (Chen 

et al., 2007). Through CLEM, researchers were able to identify distinct concentrates 

of viral proteins within endocytic and nonendocytic vesicles inside of previously non-

infected target cells (Wang et al., 2017).  

 

1.5 Aims 

 

TEM is a powerful tool for the imaging of viral replication cycles in infected cells at 

the cellular and molecular level. The research displayed in this introduction helps to 

demonstrate how TEM can be used alone or in combination with other techniques to 

elucidate the details of viral replication. In this thesis I will be utilising TEM to better 

understand cytoplasmic replication in Tula virus, rotavirus, and herpesvirus. 
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Chapter 2 : 
Materials and Methods   
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2.1 Materials  

 

2.1.1 Chemicals and reagents  

 

All chemicals and reagents were purchased from Thermo Fisher Scientific, Sigma-

Aldrich, New England Biolabs, or TAAB Laboratories unless otherwise stated. 

Solutions were sterilised by autoclaving, or filtering with a 0.22 µm filter prior to use.  

 

2.1.2 Mammalian cell lines  

 

A list of the cell lines used during this project are below (Table 2.1). 

 

 

 

Cell line Growth Medium  Source Supplier  

Vero E6 

Dulbecco’s modified 
Eagle’s medium (DMEM) 
supplemented with 10% 
fetal bovine serum (FBS) 

and 1 % penicillin and 
streptomycin (p/s) 

African green 
monkey kidney 

Dr. John Barr          
(University of Leeds) 

MA104 
DMEM supplemented with 

10% FBS and 50 μg/ml 
gentamicin 

African green 
monkey kidney 

Dr. Alex Borodavka 
(University of Cambridge ) 

MA-NSP5-EGFP 

DMEM supplemented with 
10% FBS, 50 μg/ml 

gentamicin, and 1 mg/ml 
Geneticin 

African green 
monkey kidney 

Dr. Alex Borodavka 
(University of Cambridge ) 

TREx BCBL1-Rta 

Gibco Roswell Park 
Memorial Institute (RPMI) 
1640 supplemented with 

10% FBS, 1 % p/s, and 100 
μg/mL hygromycin B 

Human B 
lymphoblast 

Prof. Adrian Whitehouse 
(University of Leeds)  

HFF1 DMEM supplemented with 
10% FBS and 1 % p/s 

Human Foreskin 
fibroblasts  

Prof. Adrian Whitehouse 
(University of Leeds) 

Table 2.1: Mammalian cell lines used in project 
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2.1.3 Viral strains  

 

A list of the viruses used during this project are below (Table 2.2). 

 

Table 2.2: Virus strains used in this project 

 

 

 

 

Virus  Virus Strain Origin  Background 

Tula virus  Moravia/5302v/95 Dr. John Barr          
(University of Leeds) 

Isolated from 
infected vole lung 
sample in Moravia 
(Vapalahti et al., 

1996). 

Rotavirus   Simian rotavirus strain SA-11  
Dr. Alex Borodavka 

(University of 
Cambridge ) 

Isolated from 
rhesus macaques 

and is globally one 
of the most widely 

used reference 
strains. 

(Westerman et al., 
2006)  

Kaposi’s sarcoma 
associated 

herpes virus 
BCBL1 KSHV strain Prof. Adrian Whitehouse 

(University of Leeds)  

Cells containing 
the latent KSHV 
genome were 

isolated from a 
body cavity-based 
lymphoma biopsy 
(Komanduri et al., 

1996). 

Herpes simplex 
virus 1 SC16 Prof. Adrian Whitehouse 

(University of Leeds)  

A highly 
neuroinvasive 

wildtype strain of 
HSV1 and is one of 

the most 
frequently used 
HSV1 strains in 

research (Cavallero 
et al., 2014). 
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2.1.4 Antibodies  

 

A list of the antibodies used during this project are below (Table 2.3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.1.5 miRIDIAN microRNA hairpin inhibitor 

 

The miRIDIAN microRNA hairpin inhibitor used in this project was hsa-miR-365a-3p, 

catalogue number: IH: 300666-05-0002. 

 

 

Target  Species Dilution  Type Catalogue # Supplier  

GAPDH  Mouse 1 in 
2500 Polyclonal  sc-47724 Santa Cruz 

Biotechnology  

Lamin B1  Rabbit  1 in 
1000 Polyclonal  ab65986 abcam  

DOCK5 Rabbit 1 in 
1000 Polyclonal  A304-988A-

M 

Thermo 
Fisher 

Scientific  

pORF57 
(KSHV) Rabbit 

1 in 
5000 Polyclonal  600-401-A94 

Thermo 
Fisher 

Scientific  

pORF62 
(KSHV) Mouse 1 in 

1000 Monoclonal MA5-14770 
Thermo 
Fisher 

Scientific  
pUL19 
(HSV1) Mouse 1 in 

1000 Monoclonal ab6508 abcam  

Anti-
Mouse  Goat  

1 in 
5000 

Horseradish 
peroxidase 
secondary 
antibody  

L3032 Generon 

Anti-
Rabbit  Goat  1 in 

3000 

Horseradish 
peroxidase 
secondary 
antibody  

#7074 Cell Signalling 
Technologies  

Table 2.3: Antibodies used in this project  
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2.1.6 Buffer recipes 

 

A list of the buffers and their recipes used in in this project are below (Table 2.4) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Buffer Recipe Use  

0.1 M Phosphate 
buffer (pH 7.2)  

0.1 M sodium phosphate 
dibasic stock  

Transmission 
electron 

microscopy  

0.1 M sodium phosphate 
monobasic stock  

Add monobasic solution 
to the dibasic solution 

until the pH is 7.2  

RIPA Cell lysis 
buffer 

150 mM sodium chloride  

Cell lysis  

50 mM Tris-hydrochloride 
(pH 8) 

1 % NP-40 (v/v) 
0.1 % sodium dodecyl 

sulfate (w/v) 
dH2O 

2 x loading buffer 

100 mM Tris-
hydrochloride (pH 6.8) 

Western blot 

4 % sodium dodecyl 
sulfate (w/v) 

10 % glycerol (v/v) 
0.2 % bromophenol blue 

(w/v) 
dH2O 

10 x transfer 
buffer 

0.25 M Tris  
Western blot 0.885 M glycine  

dH2O 

Semi-dry transfer 
buffer 

1 x transfer buffer (v/v) 
Western blot 20 % methanol (v/v) 

dH2O 

10 x Tris-buffered 
saline  

0.25 M Tris  

Western blot 1.37 M NaCl 

Adjust pH to 7.5 with HCl 

Tris-buffered saline  
10 x Tris-buffered saline 

Western blot 
dilute 1:9 in dH2O 

Buffers and their recipes used in this project  
Table 2.4: Buffers and their recipes used in this project 
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2.2 Mammalian cell culture and viruses 

 

2.2.1 Mammalian cell maintenance and storage  

 

2.2.1.1 Routine cell maintenance  

 

All cells were grown in their relevant media according to according to table 2.1, at 

37C with 5% CO2 in a humidified incubator. Cells were split every two to three days 

when they reached ~80 % confluency. Adherent cell lines were detached with 3 mL 

trypsin-EDTA (0.25 % [w/v]) for 5 to 10 minutes before being resuspended in 7 mL of 

complete relevant media to deactivate the trypsin.  

For long term storage, confluent cells were preserved in their respective media with 

5 % dimethyl sulfoxide and stored at -80°C. 

 

2.2.1.2 Assessing cell viability  

 

Cell viability was assessed through the use of the EVE™ automatic cell counter 

(NanoEntek). Cells were first mixed 1:1 with trypan blue (0.4 %), and then 10 μl of 

mixture was loaded onto each of the two EVE™ Cell counting slide chambers. The 

counting slide was then inserted into the automatic counter and manually focused. 

Once correctly focused, the cells were counted. 

For TREx BCBL1-Rta (TREx) cells, the parameters used were as follows- Sensitivity: 

5, minimum cell size: 7, maximum cell size: 60, circularity: 80.  

 

2.2.1.3 Hexanediol treatment  

 

For the rotavirus experiments in chapter 4, MA104 and MA-NSP5-EGFP cells had 

1,6‐hexanediol (HD) added to cell culture media (4 % [v/v]) for ~30 seconds and then 

the treated media was replaced with fresh serum-free media and the cells prepared 

for TEM.  
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2.2.1.4 Transfection  

 

The hsa-miR-365a-3p miRIDIAN microRNA hairpin inhibitor was inserted into cellular 

nuclei via nucleofection. Firstly, 8 x 106 cells were pelleted at 4500 rpm for 6 minutes 

and the suspension was removed. The cell pellet was then suspended in 100 μl of 

room-temperature InGenio® electroporation solution. Next, the miRIDIAN microRNA 

hairpin inhibitor was added to the cell solution at a final concentration of 100 nM. The 

cell solution was then gently mixed and added into a 0.2 cm InGenio® cuvette. The 

cuvette was then added into the Amaxa nucleofector I and the T-01 program was 

used to transfect the cells. Afterwards, 300 μl of relevant antibiotic free growth 

medium was added and the cells were left at room temperature for 10 minutes. The 

cells were then diluted in 10 ml of complete growth media and left to recover for 24 

hours under normal growing conditions, at which point viral induction or infection 

could occur. 

 

2.2.2 TULV primary infection  

 

Vero E6 cells were infected with Tula virus (TULV) when at ~90 % confluency. Prior 

to inoculation, cells were washed three times in phosphate buffered saline (PBS). 

Then TULV was diluted to a multiplicity of infection (MOI) of 0.1 in serum free DMEM 

and then added to media-free cells. Inoculated cells were then incubated at 37 °C 

with gentle rocking for 90 minutes to allow for virus adsorption. Once adsorbed, 

complete DMEM with 2 % FBS was added and the cells were incubated until the 

relevant time point. 

 

2.2.3 TULV stock propagation  

 

Originally stocks of TULV were generated by Katherine Davies, with the MOI being 

calculated via plaque assay as described in (Davies et al., 2019).  
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2.2.4 Rotavirus primary infection  

 

MA104 or MA-NSP5-EGFP cells were infected with rotavirus when confluent. Prior to 

inoculation, cells were washed three times in PBS, and the rotavirus virions were 

treated with trypsin (final concentration of 10 μg/ml) for 1 hour in a 37°C water bath 

to cleave the outer viral attachment protein. Following activation, rotavirus was 

diluted to a MOI of 1 in serum free DMEM and then added to media-free cells. 

Inoculated cells were then incubated at 37 °C with gentle rocking for 1 hour. 

Following adsorption, viral media was removed and the cells were washed with 

serum free DMEM. Complete DMEM was then added to the cells, which were then 

incubated for the relevant times.  

 

2.2.5 KSHV lytic induction   

 

TREx cells are PEL B-cell lines that are latently infected with KSHV and have been 

modified to possess a doxycycline inducible promoter for Rta, the lytic activator of 

KSHV (Nakamura et al., 2003). KSHV lytic activation was stimulated at ~80 % 

confluency specifically with either the addition of  0.2, 1.0, or  2.0 µg/ml doxycycline, 

or were non-specifically activated with addition of 20 ng/ml 12-O-tetradecanoyl-

phorbol-13-acetate (TPA), 0.3 mM sodium butyrate (NaB), both TPA and NaB (20 

ng/ml and 0.3 mM, respectively), or valproic acid (VPA) at either 0.6 or 1.2 mM. The 

inducing agent was added directly to the cells which were suspended in fresh 

complete RPMI media and thoroughly mixed.  

 

2.2.6 HSV1 primary infection   

 

Prior to infection, confluent human foreskin fibroblasts (HFF1) cells were washed 

twice with PBS and the media was removed. HSV1 stock was diluted to an MOI of 4 

in serum free media and added to the washed, media-free HFF1 cells. The cells 

were then incubated with gentle shaking for 2 hours at 37°C. The virus media was 

removed and the cells were washed with PBS. Finally, 3 ml of complete media was 

added and the cells were incubated for the relevant times.  
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2.2.7 HSV1 stock propagation  

 

To create new stocks of HSV1, confluent HFF1 cells in a 75cm2 Corning™ Cell 

Culture Treated Flasks had their media removed and were washed twice with PBS. 

HSV1 stock was then diluted in 3 ml of serum free culture media to a MOI of 0.01 

and then added to the cells. Cells were then incubated for 2 hours at 37 °C with 

gentle shaking. The virus was then replaced with 3 ml of complete DMEM media and 

incubated for 3 to 4 days at 37 °C until the cells were showing 100 % cytopathic 

effect (CPE). At this point the cell suspension was removed from the flask and added 

to 3 ml of autoclaved milk (9 % [w/v] non-fat milk powder in dH2O). The cell-milk 

mixture was then centrifuged at 2000 g for 5 minutes at 4 °C, and the supernatant 

was collected (pellet contains cell-debris). Viral supernatant was then stored at -80 

°C.  

 

2.2.8 HSV1 plaque assay  

 

Initially, 2.0 x 105 HFF1 cells were counted manually with a haemocytometer and 

then seeded into each well of a 12-well plate one day before the assay, resulting in 

~90 % confluency on the day. Next, a serial dilution of the unknown concentrations 

of HSV1 stock was created in serum free media, and the cells were washed in PBS 

twice. 200 µl of each HSV1 dilution was added to each of the designated wells in 

triplicate. The inoculated cells were then incubated for 2 hours with gentle mixing at 

37 °C. After incubation, ~1.5 ml of overlay (a 1:1 ratio of DMEM media with 20% FBS 

added to 2.4 % [w/v] low-viscosity Avicel® in water) was gently added to each of the 

wells, and the cells were incubated for ~3 days (until plaques appear). After ~3 days, 

cells were fixed in 1.5 ml 10 % (v/v) formaldehyde for 15 minutes. After 15 minutes, 

the formaldehyde-overlay mixture was removed and the cells were gently washed 

with PBS. Finally, 500 µl of 1 % crystal violet ([v/v] in 20% [v/v] ethanol) was added 

to each of the wells for 15 minutes with gentle rocking. After 15 minutes the crystal 

violet was washed off with water and the wells were left to dry. Once dry, the plaques 

were counted, and the pfu/ml calculated (n × 5 × d = PFU/ml [where n equals the 

number of plaques counted and d equals the dilution]).  
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2.3 Transmission electron microscopy  

 

2.3.1 Sample fixation   

 

Suspension cells were pelleted at 14000 rpm for 2 minutes and the supernatant was 

removed. Cells were then fixed in 1 ml of 2.5 % glutaraldehyde ([v/v] in 0.1 M 

phosphate buffer [PB]) and incubated at room temperature for 2.5 hours.  

For adherent cells, media was replaced with serum free media and equal amounts of 

5 % glutaraldehyde ([v/v] in 0.1 M PB) was added and the cells were incubated for 

two hours at room temperature. After incubation, cells were scraped from the flask 

and transferred to an Eppendorf.  

 

2.3.2 Sample post-fixing, dehydration and embedding  

 

Post fixation, cells were pelleted at 14000 rpm for 2 minutes, to remove the 

glutaraldehyde. The fixed cells were then washed twice in 0.1 M PB for 30 minutes. 

Next, the cells were then post-fixed in 1% osmium tetroxide ([w/v] in 0.1 M PB) for 1 

hour on ice. Then, the post-fixed cells were washed four times in 0.1 M PB on ice. 

Subsequently, the post-fixed cells were dehydrated using ascending ethanol 

concentrations (40%, 60%, 80% and 2 x 100%) for 20 minutes each, and then twice 

in propylene oxide for 20 minutes each to remove any ethanol (all of these 

dehydration and propylene oxide steps were on ice). Afterwards, the dehydrated 

cells were carefully mixed with a 1:1 mixture of propylene oxide and araldite epoxy 

resin. The araldite epoxy resin was composed of a mixture of araldite CY212 (27 g), 

DDSA (23 g), and DMP 30 (1 g) which was mixed thoroughly through a vortex and 

then centrifuged at max speed for 15 minutes to remove bubbles *. The cells and 

propylene oxide-resin mixture were placed on a rotator overnight to allow for resin 

infiltration. The sample was centrifuged and the mixture was then removed, pure 

araldite was added and the sample was placed on the rotator for 8 hours, four-

times** (over two-days). At this point, the araldite was replaced with a fresh amount 

of pure resin and the embedded cells were polymerised at 60 °C for 24 hours.  

 

2.3.3 Sectioning, positive staining and TEM 
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Embedded cells were then sectioned in the ultra-thin range (80 to 100 nm) using a 

Reichert-Jung Ultracut E ultramicrotome and a diamond knife. Ultra-thin sections 

were then placed upon formvar coated, copper grids and stained with uranyl acetate 

and lead citrate according to (Reynolds, 1981). Briefly, sectioned cells were stained 

in 8% saturated uranyl acetate ([W/V] with ultrapure water) for 1 hour. Stained grids 

were then washed in dH2O for 5 minutes (five times). Afterwards, the sections were 

stained with filtered* lead citrate for 10 minutes in a petri dish with sodium hydroxide 

(NaOH) pellets. The lead citrate-stained grids were then washed in 0.02 M NaOH for 

1 minute (three times), and in dH2O for 1 minute (five times). KSHV prepared 

samples were then imaged using a JEOL 1400 electron microscope at 120 kV, 

whereas TULV and rotavirus samples were imaged using a FEI Tecnai T12 electron 

microscope at 120 kV. 

 

2.4 Biochemical techniques  

 

2.4.1 Cell lysis 

 

2.4.1.1 Whole cell lysis  

 

Cells were washed in PBS and ice-cold RIPA lysis buffer was added to the cells (200 

µl for a 6-well plate, or 100 µl for a 12-well plate), swirling to ensure full coverage. 

The cells were then placed on an orbital shaker at a gentle speed for 15 minutes (still 

on ice). Adherent cells were then scraped off, and the lysate was collected 

(suspension cell lysate was directly collected). Lysate was then centrifuged at 

maximum speed for 10 minutes to pellet cell debris. Finally, supernatant was 

collected and stored at -20 °C for up to six months.  

 

2.4.1.2 Subcellular fractionation  

 

For adherent cells media was removed, PBS was added, and cells were then 

scraped. Suspension, or scraped adherent cells were then centrifuged at 1700 rpm 

for 7 minutes, and the supernatant was discarded. Cells were then lysed in 600 µl of 

1 % Triton X-100 ([v/v] with PBS) and left on ice for 10 minutes. After 10 minutes, 
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250 µl of the total volume was removed and left on ice, that was the whole cell 

fraction. The remaining 350 µl was then centrifuged at 720 x g for 5 minutes at 4 °C. 

The supernatant was then removed and kept on ice, that was the cytoplasmic 

fraction. The cytoplasmic supernatant was the purified by centrifugation at 720 x g 

for 5 minutes at 4 °C, with the top ¾ of the supernatant being carefully collected *. 

The remaining pellet nuclei (nuclear fraction) was then washed in PBS to remove 

any cytoplasm-containing supernatant and centrifuged at 720 x g for 5 minutes at 4 

°C. The nuclear pellet was then lysed in 100 µl PBS with 1 % Triton X-100 ([v/v] with 

PBS). Afterwards, protein samples were frozen at -20 °C for up to six months.  

 

2.4.1.3 Determination of protein concentration  

 

Protein concentration of whole cell and subcellular lysates were assessed via 

Pierce™ BCA Protein Assay Kit using the set protocol (Thermo Fisher Scientific).  

 

 

2.4.2 SDS-PAGE 

 

Prior to SDS-PAGE, protein supernatants were supplemented at a 1:1 ratio with 2x 

SDS loading buffer and 50 mM dithiothreitol and were subsequently incubated at 95 

°C for 5 minutes. The lysates were then allowed to cool to room temperature, and 

then loaded into SDS-polyacrylamide gels (see Table 2.5 for gel recipe) for ~50 

minutes at 180 V in 1 x Tris/Glycine/sodium dodecyl sulfate electrophoresis buffer 

(diluted in dH2O) (Bio-Rad Laboratories).  
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2.4.3 Western blot  

 

Separated protein samples were then then transferred from gels onto nitrocellulose 

membranes through semi-dry transfer. Transfer occurred using the BIO-RAD Trans-

blot® Turbo™ on the standard SD setting (25 V, 1.0 A, for 30 minutes) submerged 

within semi-dry transfer buffer. Transfer efficiency was assessed through Ponceau S 

staining solution (Thermo Fisher Scientific) which was later removed and reused, 

with the membrane being washed three times with dH2O. The membranes were then 

blocked overnight with tris-buffered saline with 0.1% tween (v/v) and 5% dried 

skimmed-milk powder (w/v) at 4 °C. Proteins were then labelled with relevant primary 

antibodies in 5 % milk for one hour at room temperature. Membranes were then 

washed three times for 5 minutes each in tris-buffered saline with 0.1% tween (v/v). 

Proteins were then incubated with the relevant horseradish peroxidase tagged 

secondary antibody for one hour at room temperature. Next, membranes were then 

washed three times for 5 minutes in tris-buffered saline with 0.1% tween (v/v). 

Finally, Horseradish peroxidase labelling was then detected with the EZ-ECL 

Reagents  
6 % 

resolving 
gel  

8 % 
resolving 

gel  

10 % 
resolving 

gel  

Stacking 
Gel  

1.5 M Tris-hydrochloride 
(pH 8.8) 2.5 ml 2.5 ml 2.5 ml - 

1.5 M Tris-hydrochloride 
(pH 6.9) - - - 0.125 

ml 

dH2O 5.3 ml 4.6 ml 4 ml 1.495 
ml 

30 % acrylamide  2 ml 2.7 ml 3.3 ml 0.33 ml 

10 % sodium dodecyl sulfate  0.1 ml 0.1 ml 0.1 ml 0.02 ml 

10 % ammonium persulfate  0.1 ml 0.1 ml 0.1 ml 0.02 ml 

tetramethylethylenediamine 0.032 ml 0.024 ml  0.016 ml 0.01 ml 

Table 2.5: SDS-PAGE gel recipe for one gel 
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enhanced chemiluminescence kit (Biological Industries) and imaged through the 

Syngene™ G:Box XX9 gel imaging system.  

 

2.5 Data presentation, analysis and bioinformatic analysis   

 

Statistical tests were carried out on Microsoft Excel and TEM micrograph analysis 

was carried out on Image J (Schneider et al., 2012). Images were prepared for 

publication using Microsoft PowerPoint. 

Bioinformatic analysis was carried out using amino acid sequences from UniProt 

(see table 2.6) (The UniProt, 2021). Protein hydrophobic regions were predicted 

using Kyte and Doolittle (1982), Abraham and Leo (1987), and Bull and Breese 

(1974) tests of hydropathy which were accessed on the Swiss-Prot ExPASy 

ProtScale Server (Gasteiger et al., 2005). Next, protein structure predictions were 

generated using AlphaFold (Jumper et al., 2021, Varadi et al., 2021). Finally, the 

lipid-droplet promoting propensity was assessed using FuzDrop and disordered 

regions of the proteins in question were assessed using flDPnn (Hatos et al., 2022, 

Hu et al., 2021). 

 

 

Table 2.6: List of the proteins used in the bioinformatic analysis and their 
UniProt accession codes. 

Virus  Protein  UniProt 
Accession  Citation 

Rotavirus A NSP2 A2T3N6 Kanai et al., 2017 
Rotavirus A NSP5 A2T3Q9 Jiang et al., 2006 
Rotavirus A NSP2 4G0J Hu et al., 2012a 
Rotavirus B NSP2 Q86197 Jiang et al., 2005 
Rotavirus B NSP5 P18571 Chen et al.,1990 
Rotavirus C NSP2 Q9PY93 Taraporewala et al., 2006 
Rotavirus C NSP5 Q00682 Lambden et al., 1992 
Rotavirus D NSP2 E2EBU6 Trojnar et al., 2010 
Rotavirus D NSP5 E2EBV0 Trojnar et al., 2010 
Rotavirus F NSP5 M4H296 Kindler et al., 2013 
Rotavirus G NSP2 U3QY07 Phan et al., 2013 
Rotavirus G NSP5 U3R085 Phan et al., 2013 
Rotavirus A VP4 A0A0D5CDS5 Delogu et al., 2015 
SARS-CoV-2 N-protein P0DTC9 Bessa et al,. 2022 
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Chapter 3 : Tula virus forms a filament network during cell infection 
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3.1 Tula virus introduction 

 

Hantaviruses are enveloped viruses that are found globally in a variety of rodent and 

insectivore hosts. Hantaviruses are zoonotic, with transmission occurring primarily 

via the aerosolised excreta (saliva, faeces, urine) of infected rodents (Vapalahti et 

al., 2003). This group of viruses are endemic to several regions globally and are 

separated into two groups based on geography and pathobiology: New World (NW) 

hantaviruses and Old World (OW) hantaviruses (Engdahl et al., 2021). Hantaviral 

disease can be severe, with two different clinical manifestations resulting from 

whether infection was with a NW or and OW hantavirus. Hantaviruses represent an 

emerging public health threat with ~150,000 to 200,000 people each year affected 

(Munir et al., 2021, Verner-Carlsson et al., 2015).Hantaviruses have a tripartite 

single-stranded (ss) negative-sense (-) RNA genome that encodes only four viral 

proteins. Viral replication occurs within the cytoplasm of infected cells where they 

transcribe and translate their viral RNA (vRNA) before assembly and egress (Mir et 

al., 2008). TULV is an OW hantavirus found throughout Eurasia in common voles 

(Microtus arvalis) and is rarely responsible for pathogenicity in humans (Hofmann et 

al., 2021).  

 

3.1.1 Hantavirus Taxonomy 

 

Hantavirus is a familiar name for the genus Orthohantavirus. These are RNA viruses 

that belong to the Hantaviridae family within the Bunyavirales order (Laenen et al., 

2019). There are 36 unique hantaviruses in the Orthohantavirus genus recognised 

by the International Committee on Taxonomy of Viruses (ICTV) (Table 3.1) (Munir et 

al., 2021, Mull et al., 2020, Abudurexiti et al., 2019, Laenen et al., 2019).  
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  Hantavirus Species Virus Abbreviation  Reservoir Host  Continent Disease  

Old World 
Hantavirus  

Dobrava-Belgrade orthohantavirus DOBV Apodemus flavicollis  Mouse Europe HFRS 

Puumala orthohantavirus PUUV Myodes glareolus Vole  Europe HFRS 
Myodes rufocanus Vole  Europe HFRS 

Tula orthohantavirus TULV 
Microtus arvalis  Vole  Europe HFRS 
Microtus rossiaemeridionalis  Vole  Europe HFRS 

Hantaan orthohantavirus  HTNV Apodemus agrarius Mouse Asia HFRS 
Seoul orthohantavirus SEOV Rattus norvegivus  Rat  Asia HFRS 

New World 
Hantavirus  

Bayou orthohantavirus BAYV Oryzomys palustris Rat N. America HPS 
Black Creek Canal orthohantavirus BCCV Sigmodon hispidus Rat N. America HPS 
Prospect Hill orthohantavirus PHV Microtus pennsylvanicus Vole N. America HPS 
Sin Nombre orthohantavirus SNV Peromyscus maniculatus Mouse N. America HPS 
Andes orthohantavirus ANDV Oligoryzomys longicaudatus Rat S. America HPS 
Choclo orthohantavirus CHOV Oligoryzomys fulvescens Rat S. America HPS 
El Moro Canyon orthohantavirus ELMCV Reithrodontomys megalotis Mouse S. America HPS 
Laguna Negra orthohantavirus LANV Calomys laucha Mouse S. America HPS 

Table 3.1: A list of the main pathogenic hantaviruses responsible for causing haemorrhagic fever with renal syndrome (HFRS) and 
hantavirus pulmonary syndrome (HPS) (Laenen et al., 2019). 
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3.1.2 Hantavirus Disease 

 

3.1.2.1 Clinical Characteristics  

 

Hantavirus infection can result in one of two diseases: haemorrhagic fever with renal 

syndrome (HFRS), or hantavirus pulmonary syndrome (HPS). Both HFRS and HPS 

target the pulmonary, cardiac, nervous, and hormonal systems resulting in acute 

disease with the potential for long-term damage (no chronic disease cases have 

been detected) (Krüger et al., 2011). HFRS and HPS share several clinical 

characteristics and are consequently considered to share a root pathogenesis, 

resulting in similar initial symptoms. Differences in hantavirus disease results from 

the targeting of different vascular systems. HPS targets the pulmonary capillaries, 

with HFRS targeting the renal medullar capillaries (Hjelle and Torres-Pérez, 2010, 

Avšič-Županc et al., 2019).  

3.1.2.1.1 HFRS 

The severity of HFRS is extremely variable, with disease outcome ranging from 

asymptomatic to lethal. Complications in HFRS cases can result in haemorrhaging, 

oedema, and shock (Vaheri et al., 2013, Munir et al., 2021). Fatality in HFRS occurs 

in 1 % to 15 % of cases (Engdahl et al., 2021). The main hantaviruses responsible 

for HFRS are Puumala virus (PUUV), Hantaan virus (HTNV), Seoul virus (SEOV), 

and Dobrava-Belgrade virus (DOBV) (Munir et al., 2021). Nephropathia epidemica is 

a milder form of HFRS caused by PUUV and is characterised by anaemia, 

thrombocytopenia, haematuria, and proteinuria with a fatality rate of up to 0.4% 

(Mustonen et al., 2013). 

3.1.2.1.2 HPS 

When compared to HFRS, HPS is the more severe illness and has a case fatality 

rate of 30-50 % depending on virus strain (Avšič-Županc et al., 2019, Enria et al., 

2001). HPS is often characterised by pulmonary oedema and cardiogenic shock 

resulting in rapid respiratory failure and is consequently considered a severe disease 

(Bellomo et al., 2021). Sin Nombre virus (SNV), Andes virus (ANDV), and Choclo 

virus (CHOV), are responsible for causing the deadlier forms of HPS (Munir et al., 

2021). 
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3.1.2.2 Hantavirus Pathology 

 

Hantavirus symptoms arise from the direct targeting of the cellular endothelium of 

various organs (e.g. kidneys or lungs) and the immune response (e.g. macrophages) 

(Mustonen et al., 2013, Avšič-Županc et al., 2019). Both diseases are characterised 

by thrombocytopenia, and increased vascular and microvascular bed permeability 

(Hjelle and Torres-Pérez, 2010). The infection of endothelial cells in alveolar or 

glomerular capillary beds by NW and OW hantaviruses respectively results in HPS 

or HFRS (Mackow and Gavrilovskaya, 2009). Compared to other RNA viruses, 

hantavirus replication is slow, with viraemia taking 5-10 days after infection to occur 

(Mackow and Gavrilovskaya, 2009). 

Post inhalation, it is unknown how hantaviruses traffic to their target replication sites. 

Currently it has been predicted that immature dendritic cells are involved with 

hantavirus distribution. Dendritic cells transit through the lymphatic system, interact 

with endothelial cells, and express β3-integrin receptors (a known hantavirus target 

receptor) (Schönrich and Raftery, 2019). The infection of dendrites, macrophages, 

and lymphatic cells can also lead to immune system activation (Jonsson et al., 2010, 

Avšič-Županc et al., 2019). The antiviral immune response can be involved in 

disease prognosis. The inflammatory cytokines interleukin-10 and tumour necrosis 

factor-α were found to be significantly higher in patients with severe cases of HFRS 

(Saksida et al., 2011). Furthermore, higher levels of hantavirus-activated CD8+ T 

cells and the over abundant cytokine production by macrophages have been found 

in severe cases of HPS (Kilpatrick et al., 2004). Haemorrhagic viruses commonly 

prevent infected dendritic cell from maturing. However, in acute hantavirus infection 

dendritic maturation is triggered, resulting in a robust T cell reaction (Kilpatrick et al., 

2004). The pathogenesis of hantavirus disease involves a complicated interplay 

between endothelial cell barrier failure, immunopathology, and platelet dysfunction 

which when combined together can lead to patient death (Avšič-Županc et al., 2019).  

 

3.1.2.3 TULV Infection  

 

TULV rarely causes clinical hantaviral disease in humans, with only four cases being 

confirmed to date, with no fatalities having been reported (Bourquain et al., 2019). 

Serological evidence of TULV infection has been further found in 4% of ~500 

German forestry workers tested, and in one blood donor in the Czech Republic 

(Mertens et al., 2011, Vapalahti et al., 1996). Additionally, a population survey of 
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6,537 healthy individuals in Germany found serological evidence of TULV infection in 

1 of the samples (Ulrich et al., 2004). However, there is often no differential 

distinction between HFRS caused by PUUV or TULV, with most being classed as the 

more commonly pathogenic PUUV. This is due to the close antigenic and genetic 

connection between PUUV and TULV, meaning that anti-TULV and anti-PUUV 

seroreactivites cannot be distinguished unless using a neutralisation assay 

(Hofmann et al., 2021). Consequently cases of TULV infections could be being 

diagnosed as PUUV, and therefore TULV infections would be underrepresented 

(Clement and Van Ranst, 2016, Bourquain et al., 2019). As a result of the few 

confirmed cases of TULV infection in humans, little is known about TULV 

pathogenicity in humans (Hofmann et al., 2021, Zelená et al., 2013).  

 

3.1.2.4 Diagnosis, Treatment and Prevention  

 

3.1.2.4.1 Diagnosis  

Hantavirus diseases are diagnosed based upon clinical symptoms, epidemiological 

data (location, rodent exposure, etc.), and through laboratory tests. The first step in 

diagnosis is the recognition of hantavirus symptoms by the physician. However, due 

to the non-specific nature of these flu-like symptoms, diagnosis cannot be made at 

this point (Avšič-Županc et al., 2019, Mattar et al., 2015). A follow up laboratory 

diagnosis will be often be performed using either serology or reverse transcription 

(RT)-PCR (Mattar et al., 2015). Serological analysis is the most frequently used 

method of hantavirus diagnosis, which detects antibodies against hantavirus Gn, Gc, 

and nucleocapsid proteins (NPs) (Maes et al., 2004, Figueiredo et al., 2008). ELISA 

is the most commonly used serological test which can be used to detect anti-

hantavirus IgM (early infection) or IgG (retrospective studies) (Maes et al., 2004). 

The RT-PCR uses primers specific to the S and M hantavirus genome segments 

(Moreli et al., 2004, Mattar et al., 2015). 

3.1.2.4.2 Treatment  

To date, there are no FDA approved therapeutic agents for hantaviral infections, 

although there are ongoing trials for a number of vaccines (Engdahl et al., 2021, 

Avšič-Županc et al., 2019). Ribavirin has shown some success in treating HFRS in 

Chinese clinical studies. Mortality rate was significantly reduced if ribavirin was 

administered within the first five days of symptom onset (Huggins et al., 1991). This 

was supported by a more recent report on the admission of ribavirin for HFRS in 

Korea (Rusnak et al., 2009). Unfortunately, studies investigating the use of ribavirin 
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for HPS have been less successful, with no significant reduction in mortality found 

(Moreli et al., 2014). The majority of treatment for hantavirus disease is supportive, 

with severe cases being handled by intensive care units. Furthermore, human 

monoclonal antibodies isolated from ANDV survivors have been shown to have 

therapeutic applications when tested on animal models (Engdahl et al., 2021).  

3.1.2.4.3 Prevention  

Most preventative measures rely on reducing the incidence of hantavirus host-

human interactions. The main risk factor in hantavirus disease incidence is cleaning 

houses or sheds, living in forested areas, and careers in farming, forestry, and the 

military (Abu Sin et al., 2007, Van Loock et al., 1999). Subsequently, preventative 

measures primarily focus on rodent control, removing rodent food sources, and 

destroying rodent habitat (Avšič-Županc et al., 2019). Besides the use of basic 

preventative measures, vaccines would need to be employed to reduce viral spread. 

Inactivated hantavirus vaccines have currently been used with success in China and 

Korea but are not approved for use in the US or Europe. Currently, a mixture of 

inactivated, virus-like particle, recombinant protein, and DNA based vaccines are 

being tested, with the USA conducting several clinical trials on the latter (Liu et al., 

2020, Dheerasekara et al., 2020). 

 

3.1.3 Hantavirus Epidemiology 

 

3.1.3.1 Transmission 

Hantaviruses are zoonotic, and so disease outbreaks in humans occur when human-

host interactions occur. Hantaviruses are primarily transmitted to humans via the 

inhalation of aerosolised rodent excreta. Hantavirus transmission from rodent bites is 

rare (Kruger et al., 2015). However, person-to-person transmission has been 

documented several times for ANDV in Argentina and Chile, where large social 

gatherings or prolonged contact increased the likelihood of transmission (Martínez et 

al., 2020, Alonso et al., 2020, Martinez et al., 2005). One factor that affects 

transmission is hantavirus stability. Hantavirus virions can be infectious for long 

periods of time, depending upon factors such as humidity and temperature (Kruger 

et al., 2015). For example, HTNV virions are still infective for up to 9 days at 37 °C, 

and 96 days at 4 °C (Hardestam et al., 2007). PUUV and TULV virions are infective 

at room temperature for up to 5-11 days, and up to 18 days at 4 °C (Kallio et al., 

2006). Hantavirus stability increases the window of opportunity for infection over 
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prolonged periods of time and allows for indirect transmission of disease (Kallio et 

al., 2006).  

 

3.1.3.2 Animal Hosts 

All hantaviruses possess reservoir hosts which determine their geographical spread, 

with each hantavirus being associated with at least one reservoir species. These 

hosts are mammalian, with rodents and insectivores (moles, shrews, and bats) 

acting as a source of hantavirus (Vaheri et al., 2013, Meyer and Schmaljohn, 2000). 

Hantaviruses typically do not cause disease in its hosts, however hantavirus 

infection has been implicated with the decreased survival of rodent hosts in PUUV 

and SNV (Luis et al., 2012, Kallio et al., 2007). Hantavirus persistence in animal 

hosts has been linked to the differences in immune response to the infection 

between animals and humans. When compared to humans, rodents have lower 

levels of inflammation and antiviral responses which is mediated by both host and 

virus (Easterbrook and Klein, 2008).  

 

3.1.3.3 Geographical Distribution  

 

Hantaviruses can be split into two groups, NW and OW. NW hantaviruses are 

endemic in North and South America, with OW hantaviruses mainly being found in 

Europe and Asia (Engdahl et al., 2021). Due to each hantavirus having a specific 

relationship with one or more reservoir hosts, host location acts as the primary factor 

in the geographic distribution of hantaviruses (Dearing and Dizney, 2010). In Europe, 

the most prevalent causes of hantavirus disease are PUUV, causing  98 % of 

reported cases (ECDC, 2021). In addition to PUUV, the DOBV hantavirus also 

causes hantavirus illness in Europe, although to a lesser degree (Schilling et al., 

2007). Typically north-western Europe is dominated by PUUV, with DOBV being 

present in the south-east of the continent (Kruger et al., 2015). Thankfully PUUV 

infections cause a relatively mild form of HFRS (nephropathia epidemica) with 

fatalities being rare (Vaheri et al., 2021).  

In the last decade, SEOV has been identified as causing human infection in Europe 

(and the USA) (Cuperus et al., 2021, Kerins et al., 2018, Reynes et al., 2015). SEOV 

is primarily found in Asia, however cases have been found in the UK, France, and 

the Netherlands where transmission occurred from feeder or pet rats (Swanink et al., 

2018, Reynes et al., 2017, Jameson et al., 2013, Kruger et al., 2015). Additionally, 

antibodies and SEOV RNA has been found in wild brown rats in several European 
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countries leading to concerns that SEOV will become an emergent disease (Cuperus 

et al., 2021). The primary hantaviruses causing HFRS in Asia are HTNV and SEOV, 

with there being 40,000 to 60,000 cases in humans annually (99 % of these are 

within China) (Wang et al., 2022, Kruger et al., 2015). The majority of severe HFRS 

cases in Asia arise from HTNV which has a mortality rate of up to 15 %, with SEOV 

causing a moderate form of the disease (1 % to 2 % mortality rate) (Wang et al., 

2022).  

There are to date, 30 different hantavirus strains that have been identified in North 

and South America since 1993 (Figueiredo et al., 2014, Kruger et al., 2015). In total, 

there have been 5243 confirmed hantaviral disease cases in South America (1993-

2016), and 807 confirmed cases between in North America (1993-2020) (WHO, 

2017, CDC, 2022). The most prevalent NW hantaviruses responsible for causing 

disease are SNV and ANDV which are primarily found in North and South America 

respectively (Matheus et al., 2006, Vergote et al., 2017, Engdahl et al., 2021). In 

North America there are six other hantaviruses besides SNV, with only Bayou virus, 

Black Creek Canal virus, and Prospect Hill virus (PHV) being identified as 

pathogenic to humans. Whilst in South America there are six more species of 

hantavirus besides ANDV, with Laguna Negra, CHOL, and El Moro Canyon viruses 

being pathogenic to humans (Bellomo et al., 2021, Mull et al., 2020). The Araraquara 

strain of ANDV has been identified as responsible for the most virulent HPS, with a 

mortality rate of 50 % (Kruger et al., 2015, Mull et al., 2020).  

 

3.1.3.4 Hantavirus Emergence 

 

The repeated identification of novel pathogenic hantaviruses has resulted in the 

genus being classified in the group of emerging viruses (Kruger et al., 2015). 

Changes in case numbers are dependent upon location, with cases in Europe 

(especially Germany) showing a clear increase in hantavirus disease (beyond that 

explained by better diagnostics) (Krüger et al., 2013). Even China, where cases were 

decreasing between 1990s and 2009 (due to their rodent control measures and 

HFRS vaccination program), has been experiencing an increase in cases since 2011 

(He et al., 2013, Wang et al., 2021a). As the spread of hantavirus is facilitated by its 

mammalian reservoirs, changes in host populations can affect the spread of 

hantaviral disease. SEOV is of current concern, with several reported cases of 

SEOV being found circulating in host animals of the USA and several European 

countries. Furthermore, the PUUV reservoir host (bank vole) is ubiquitous in the UK 

and so is a prime candidate for PUUV emergence (Bennett et al., 2010). Additionally, 
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bank vole populations and subsequent hantavirus epidemics in humans have been 

correlated with high summer temperatures. In 2020, Europe had its hottest year 

since instrumental records began, with temperatures predicted to continue rising by 

1.2 °C to 8.5°C by 2071 to 2100 (dependent upon the SSP scenario) (EEA, 2021). 

Consequently, temperature increase could result in a significant bank vole population 

increase, increasing the risk of PUUV to human health in Europe (Reusken and 

Heyman, 2013).  

 

3.1.4 Hantavirus Structure  

 

Hantavirus virions are spherical or elongated enveloped particles with a diameter 

range of 110-170 nm (Figure 3.1, A). Interestingly, there is a large degree of 

variability between the morphology of different hantavirus virions, with tubular, 

irregular and round particle classifications being identified (figure 3.1, B-D). For 

example, 80% of the Black Creek Canal hantavirus virions were tubular, compared 

to SNV virions which were mainly irregular in shape (Parvate et al., 2019). The viral 

genome is trisegmented, with each of the three RNA segments enclosed within a 

helical nucleocapsid protein (NP) oligomer (Hepojoki et al., 2012, Huiskonen et al., 

2010, Arragain et al., 2019). The pleomorphic lipid envelope is studded with the viral 

glycoprotein spike which consists of Gn and Gc and extends ~10 nm outwards from 

the viral membrane. Each glycoprotein spike is made up of tetrameric Gc-Gn 

heterodimers ([Gn/Gc]4) with a fourfold symmetry. These tetrameric glycoprotein 

spikes are square-shaped and form ordered patches on the viral envelope due to 

their interactions with neighbouring spikes. The glycoprotein spike possesses a Gn 

central region surrounded by the Gc which controls the lateral bonds with adjacent 

spikes (Huiskonen et al., 2010). The x-ray structure of Gc reveals three β-sheet rich 

domains (I-III) that are typical of several viral (e.g. alphaviruses and flavivirus) class-

II fusion proteins (Serris et al., 2020). Class-II fusion proteins are dimeric structures 

that form homotrimers during fusion to allow for membrane penetration (they 

possess a roughly hairpin structure) (Kielian and Rey, 2006). In the case of 

hantaviruses, the Gc protein is responsible for forming the post fusion trimer in the 

hairpin confirmation (Serris et al., 2020).   
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Figure 3.1: A schematic representation of the hantavirus virion.  

(A) A schematic of a hantavirus virion cross-section. The outer envelope is studded with 
tetrameric glycoprotein spikes (Gn and Gc). The tripartite negative sense RNA genome has 
the small (S), medium (M), and large (L) segments coiled around the trimeric nucleocapsid 
protein (NP) chain. Each genomic segment has a bound RNA dependent RNA polymerase. 
Created with BioRender, based on figure 1a by Vaheri et al. (2013), and figure 2 by D'Souza 
and Patel (2020). (B-D) Cryo-EM images of HTNV particles representing the three classes of 
hantavirus virion morphology. Scale bar represents 50 nm. Images adapted from figure 1, 
from Parvate et al. (2019).  



36 
 

3.1.5 Hantavirus Genome 

 

Hantaviruses are (-)ssRNA viruses with a trisegmented genome that consists of 

small (S), medium (M), and large (L) segments (Figure 3.2) (Hjelle and Torres-Pérez, 

2010, Vaheri et al., 2013). The S segment (1.8-2.1 kb) encodes the NP, the M-

segment (3.7-3.8 kb) encodes the glycoprotein precursor (GPC), and the L-segment 

(6.5-6.6 kb) encodes the RNA-dependent RNA polymerase (RdRp [also known as L 

protein]) (Rothenberger et al., 2016). Additionally, several hantaviruses (e.g. TULV, 

PUUV, and ANDV etc.) have another, non-structural (NSs) protein encoded by their 

S segment and is transcribed via leaky scanning. The NSs protein in hantaviruses 

and other Bunyavirales is nonessential for viral replication, but aids in viral infection 

by acting as an interferon antagonist. The NSs protein is a weak interferon inhibitor 

in TULV and PUUV, which increases survival in interferon-competent cells 

(Jääskeläinen et al., 2007, van Knippenberg et al., 2013, D'Souza and Patel, 2020, 

Jääskeläinen et al., 2008, Vera-Otarola et al., 2020). Each of the three bunyavirus 

segments consists of an open reading frame (ORF), with a non-coding region (NCR) 

at the 5 prime (5’) and 3 prime (3’) ends. These terminal NCRs form a panhandle 

structure, typical of bunyaviruses, which forms due to the binding of complimentary 

nucleotide sequences in the NCR (and potentially are involved in RdRp binding) 

(Meier et al., 2021). This panhandle acts as an essential viral promoter for viral 

transcription and replication (Vaheri et al., 2013b). 
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3.1.6 Hantavirus Replication Cycle 

 

3.1.6.1 Attachment  

The first stage in most viral replication cycles is attachment (Figure 3.3). Several 

cellular surface proteins are associated with hantavirus entry, with integrins being 

suggested as the main entry receptor (Mackow and Gavrilovskaya, 2009). Integrins 

are transmembrane proteins found on the cell surface that are essential in cellular 

migration and adhesion. Integrins are heterodimers consisting of an ɑ and β chain, 

with there being at least 18 ɑ and 8 β chains in humans forming 24 different 

heterodimers (Takada et al., 2007). Different hantaviruses have been found to use 

different cellular integrins. The integrin ɑVβ1 is used by Sangassou virus, the integrin 

Figure 3.2: A simplified representation of the hantavirus tripartite genome.  

The small (S) genome segment encodes for the nucleocapsid protein (NP), the medium (M) 
genome segment encodes the glycoprotein precursor (GPC) (which is later cleaved to form 
the glycoproteins Gn and Gc), and the large (L) genome segment which encodes the RNA 
dependent RNA polymerase (RdRp). Each genome segment has a terminal 5’ and 3’ non-
coding region (NCR) which contain complimentary nucleotide sequences (red dashed line) 
allowing for the binding and formation of the characteristic panhandle structure. This figure 
was created with BioRender.  
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ɑVβ3 is used by PUUV, SEOV, HTNV, and SNV, whereas TULV and PHV use the 

ɑ5β1 integrin (Gavrilovskaya et al., 1998, Mou et al., 2006, Klempa et al., 2012, 

Matthys et al., 2011). Other cell receptors have been implicated in hantavirus entry, 

with the complement receptor gC1qR/p32, decay-accelerating factor CD55, and 

protocadherin-1 being identified (Jangra et al., 2018, Mittler et al., 2019, Krautkrämer 

and Zeier, 2008, Choi et al., 2008). Furthermore, a loss-of-function genetic screen of 

host cells revealed that cell membrane cholesterol levels determine HTNV and 

ANDV cell entry (Kleinfelter et al., 2015). Interestingly research into pathogenic and 

non-pathogenic hantaviruses has indicated that different integrins are utilised 

between the two groups. The most prevalent pathogenic hantaviruses have been 

found to use αVβ3 with non-pathogenic hantaviruses using α5β1 (Raymond et al., 

2005, Matthys et al., 2011). Β3 receptors are responsible for regulating the fluid 

barrier on endothelial cells and platelets, which is interrupted in hantavirus disease 

(Matthys et al., 2011). Therefore it likely that their ability to target β3 integrins for 

attachment also allows pathogenic hantaviruses to interrupt barrier functions.  
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Figure 3.3: A schematic representation of the Hantavirus replication cycle. 

Hantaviruses are known to use several cellular receptors during attachment (1). The 
primary receptors associated with hantavirus binding are integrins, although 
complement receptor gC1qR/p32, decay-accelerating factor CD55, and protocadherin-
1 have also been identified. Once the virion has attached it will enter the cell (2) either 
via clathrin-mediated endocytosis (2a) or by other means (2b), such as 
macropinocytosis depending upon hantavirus strain. Viral particles are then 
internalized via the endocytic pathway, progressing from the early endosome (EE) to 
the late endosomes (LE) where the low pH triggers viral uncoating (3) and release into 
the cytoplasm. Once the viral RNA has been released into the cytoplasm, genomic 
transcription, transcription (4a), and replication can occur (4b). Depending on the 
specific hantavirus, viral glycoproteins accumulate within Golgi and either transit to the 
plasma membrane for assembly (5a), or stay in the Golgi and assemble there (5b). 
Virions that assemble at the Golgi will then traffic through the Golgi until they reach the 
plasma membrane for egress (6). This figure was created with BioRender and is 
based upon figure 2 by Cifuentes-Muñoz et al. (2014), figure 2 by Mittler et al. (2019), 
and figure 2 by Vaheri et al. (2013). 
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3.1.6.2 Entry 

 

Once the hantavirus particle has attached onto the target cell surface, the virion will 

enter the cell. Hantaviruses enter cells through several different mechanisms 

depending upon the hantavirus, cell type, and experimental conditions (Mittler et al., 

2019). For example, the OW hantavirus HTNV enters via clathrin-mediated 

endocytosis (Jin et al., 2002). Whereas the entry mechanism is more complicated for 

NW hantavirus ANDV (Mittler et al., 2019). For example, it has been found that 

ANDV entry is dynaminindependent (Ramanathan et al., 2008). Dynamin is an 

essential component of clathrin-mediated endocytosis as it separates emerging 

vesicles from the cellular membrane (Cheng et al., 2021). Further research found 

that ANDV entry requires host factors involved in dynamin-independent 

macropinocytosis (e.g. cholesterol and the Rho GTPase Rac1) (Torriani et al., 2019). 

Conversely, in a screen of 140 membrane trafficking genes, it was found that ANDV 

entry is dependent upon the genes encoding the clathrin heavy chain, dynamin, and 

AP2 (another component clathrin-mediated endocytosis) (Chiang et al., 2016). 

These studies indicate that hantavirus entry is complicated, and perhaps utilises 

clathrin-mediated endocytosis in addition to an unknown clathrin-independent, 

macropinocytosis-like mechanism (Chiang et al., 2016).  

 

3.1.6.3 Uncoating 

 

Post-entry, hantavirus virions traffic through early endosomes and eventually reach 

late endosomes and lysosomal compartments. As the endosome matures, the pH 

decreases. At a pH of 6.3 to 5.5 (dependent upon the individual hantavirus), a 

conformational change in the hantavirus glycoprotein Gn/Gc interface is triggered 

(Mittler et al., 2019, Kleinfelter et al., 2015). The change in glycoprotein structure 

allows the Gc fusion loop to insert itself into the endosomal membrane, facilitating 

endosomal and viral membrane fusion (Meier et al., 2021). Across all hantaviruses, 

membrane fusion has been found to be dependent upon host cell membrane 

cholesterol levels. Kleinfelter et al. (2015)found that the CRISPR disruption of the 

site-1 protease (S1P) gene resulted in reduced OW and NW hantavirus infection 

(Kleinfelter et al., 2015). S1P is a membrane-bound transcription factor involved in 

cholesterol homeostasis (Danyukova et al., 2022). Kleinfelter et al. (2015) proposed 

that the reduction of cholesterol through S1P inhibition prevents the hantavirus 

glycoprotein-facilitated fusion of viral and cellular membranes. Interestingly, they also 
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found that ANDV may specifically target cholesterol rich islands in host endosomal 

membranes during fusion. In ANDV membrane fusion, a pH of 5.5 is required, 

indicating that membrane fusion occurs in late endosomes. A liposome fusion assay 

further revealed that ANDV GP-lead fusion requires a higher host membrane 

concentration of cholesterol than is available in late endosomes. Therefore, for 

fusion to occur in the late endosome, ANDV must be able to target cholesterol-rich 

domains of endosomal membranes (Kleinfelter et al., 2015).  

Membrane fusion results in the release of the hantavirus virion genome into the 

cytoplasm where it is transported to sites of viral replication and transcription 

(Ramanathan et al., 2007, Ramanathan et al., 2008). The details of viral uncoating 

and viral transport are currently unknown and require further investigation (Mittler et 

al., 2019). Nevertheless, Ramanathan et al. (2007) reported that the HTNV NP is 

likely trafficked via the microtubule network, with the disruption of the microtubule 

network resulting in lower levels of intracellular vRNA.   

 

3.1.6.4 Transcription, replication, and translation   

3.1.6.4.1 RdRp Binding 

The transcription and replication of the bunyavirus RNA genome is carried out by the 

viral RdRp through different mechanisms. Genome replication results in the 

formation of an identical (-) RNA strand, whilst transcription forms capped mRNAs 

(Figure 3.4) (Olschewski et al., 2020). As mentioned earlier, each of the three 

hantavirus RNA segments are flanked by complimentary NCRs that form panhandle 

structures. The panhandles on each segment end are believed to facilitate genome 

replication in bunyaviruses by binding to the viral RdRp (Meier et al., 2021). The 

binding of viral ribonucleoproteins to the RdRp forms the functional unit of genome 

transcription and replication. Cheng et al. (2014)found that the NP has a RdRp 

binding domain on its N-terminus, with the RdRp similarly having an NP binding 

domain on its C-terminus (Cheng et al., 2014). Although it is unknown how RdRp 

binds to the encapsidated vRNA, it likely involves RdRp-NP binding. The current 

model suggests that the RdRp-NP binding brings RdRp into the vicinity of the vRNA, 

this locally disrupts the NP oligomer bound to the RNA, allowing for RdRp reading of 

the RNA (Meier et al., 2021, Arragain et al., 2019).  
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3.1.6.4.2 Transcription  

In transcription, hantavirus mRNA transcripts are produced via prime-and-realign 

combined with an additional cap-snatching mechanism (Figure 3.5). The cap-

snatching mechanism is not unique to hantaviruses, and is found in other segmented 

(-) RNA viruses. The process involves the ‘snatching’ of host mRNA 5’ caps which 

are then used to prime vRNA for the transcription of mRNA (Garcin et al., 1995, 

Meier et al., 2021). To remove these caps an endonuclease is needed, and for 

hantaviruses the endonuclease is located within the N-terminus of the RdRp 

(Fernández-García et al., 2016). In prime and realign transcription the host-derived 

5’ cap is used as a primer (Figure 1.1.5). The snatched cap binds to the cytosine of 

the vRNA AUC start codon with its terminal guanine residue (Amroun et al., 2017, 

Kearse and Wilusz, 2017). After this priming step, elongation of the cap occurs along 

the vRNA for a few nucleotides. At this point the RdRp realigns the 5’ cap back three 

nucleotides so that the guanine residue is overhanging and no longer bound to the 

Figure 3.4: An overview of genome transcription, translation and replication 
for hantaviruses 

Upon entry into the cell, hantavirus replicates its negative-sense (-), single-stranded 
(ss) RNA genome by producing a complimentary positive-sense (+) template which 
is used for producing more (-)ssRNA viral genomes. The (-)ssRNA is transcribed to 
produce (+) mRNA transcripts which are translated to produce viral proteins. Viral 
proteins and viral (-)ssRNA genomes combine to form progeny virions. This figure 
was created with BioRender and is based upon figure 1 by Jonsson and 
Schmaljohn (2001). 
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vRNA. The cap remains attached to the heterogenous, viral mRNA (Amroun et al., 

2017). The S segment mRNA is translated to form the NP (and occasionally NSs). 

The M segment mRNA is translated to form GPC on ER-bound ribosomes which is 

cleaved into Gn and Gc. And finally the L segment mRNA is translated to form the 

RdRp (Muyangwa et al., 2015). 

The host mRNA targets of hantavirus cap-snatching process are currently unknown, 

however it has been proposed that caps are taken from non-coding RNA in 

processing bodies (P-bodies). P-bodies are non-membrane bound compartments in 

the cytoplasm of cells which are responsible for RNA storage (for later translation), 

or degradation (Meier et al., 2021, Mir et al., 2008). Mir et al. (2008) found that not 

only do SNV hantavirus NPs concentrate within P bodies through confocal 

microscopy, but they are also capable of binding and protecting the 5’ cap of cellular 

mRNAs. P-bodies therefore act as a store of NP-bound 5’ cap ends for subsequent 

viral mRNA synthesis by the RdRp. This is supported by the finding that PUUV NP 

was found to co-localise with P-bodies in infected cells imaged through 

immunofluorescence microscopy (Welke et al., 2022).   
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Figure 3.5: A simplified depiction of viral genome transcription via the prime and 
realign mechanism and cap snatching. 

Hantavirus transcription occurs within the cytoplasm of infected cells and is facilitated by 
the RNA dependent RNA polymerase. Initially the appropriated host mRNA 5’ cap is used 
to prime the viral genomic RNA by the binding of its guanine residue to the vRNA 
cytosine. Next, the viral mRNA is elongated by three nucleotides. After this the strand is 
realigned, pushing the 5’ cap backwards off  of the genomic RNA. Once the mRNA has 
been realigned, it will be elongated, forming the full length of mRNA. This figure was 
created with BioRender and is based upon figure 1, A by Muyangwa et al. (2015) and 
figure 9, A by Amroun et al. (2017). 
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3.1.6.4.3 Translation  

Once the viral mRNAs have been produced with the host cell 5’ caps, viral 

translation can occur. For HTNV it has been suggested that the NP can facilitate the 

preferential expression of viral mRNA by mimicking the function of the eukaryotic 

initiation factor 4F complex (eIF4F) (Meier et al., 2021, Mir and Panganiban, 2008). 

Furthermore, it has been suggested that the HTNV NP is able to disrupt the host 

eIF4F, inhibiting host mRNA translation whilst promoting viral translation. The HTNV 

NP does this with its C-terminal lobe, which shares a structural similarity with the 

host tumour suppressor protein- programmed cell death 4 (Olal and Daumke, 2016, 

Meier et al., 2021). By simultaneously inhibiting and imitating the host elF4F, HTNV 

NP facilitates the preferential translation of viral mRNA over host mRNA.  

The specific site of hantavirus genome replication and transcription within the 

cytoplasm is currently unknown (Meier et al., 2021). However, it was found by 

Ramanathan et al. (2007) through confocal microscopy that the HTNV NP forms 

perinuclear structures which colocalise with the endoplasmic reticulum (ER)-Golgi 

intermediate compartment (ERGIC) markers, but not the ER or Golgi. The ERGIC is 

a membranous complex that acts as an independent interface between the Golgi 

and ER with its own unique protein composition and structure (Appenzeller-Herzog 

and Hauri, 2006). As OW hantaviruses are known to bud through the Golgi prior to 

egress, it suggests that the HTNV NP traffics to the remodelled ERGIC, before the 

Golgi (Jäntti et al., 1997, Pattabiraman et al., 2020). Once within the Golgi complex, 

the HTNV virion (and associated NP) quickly egresses and does not accumulate 

within the Golgi (Ramanathan et al., 2007).  

3.1.6.4.4 Genome Replication 

Genome replication begins with the formation of a positive-sense (+) complementary 

RNA strand (cRNA) via a prime-and-realign mechanism (Figure 3.6) (Olschewski et 

al., 2020). In prime and realign replication, the guanine of GTP binds to cytosine of 

the AUC start codon (Kearse and Wilusz, 2017, Amroun et al., 2017). After this 

priming step elongation of the cap occurs along the vRNA for a few nucleotides. At 

this point the RdRp realigns the GTP cap back three nucleotides so that the guanine 

residue is overhanging and no longer bound to the vRNA. After the realignment, the 

RdRp elongates the cRNA until it reaches the termination signal. Finally the GTP is 

cleaved and removed, forming the new antigenomic cRNA. This is the process for 

both genomic and antigenomic RNA synthesis (Amroun et al., 2017). The cRNA acts 

as a template for the production of the viral (-) RNA genome. In Bunyaviruses, both 
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the (-) RNA genome and (+) cRNA are always found bound to the viral NP, which is 

not the case for the viral mRNA (Meier et al., 2021, Hacker et al., 1989).   
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Figure 3.6: A simplified depiction of viral genome replication via the prime and realign 
mechanism. 

Hantavirus RNA genome replication occurs within the cytoplasm of infected cells and is 
facilitated by the RNA dependent RNA polymerase. First, the genomic RNA is primed at the 5’ 
end with GTP. Next the copy RNA (cRNA) strand is elongated with three new nucleotides. 
After this, the strand is realigned, pushing the GTP backwards off of the genomic RNA. Next 
the final elongation of the cRNA occurs resulting in the formation of a full positive sense RNA 
strand. Finally the GTP is cleaved and removed. The cRNA acts as a future template for future 
vRNA production. This figure was created with BioRender and was based upon figure 1, B by 
Muyangwa et al. (2015) and figure 9, B by Amroun et al. (2017). 
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3.1.6.5 Assembly  

3.1.6.5.1 Ribonucleoprotein Formation 

After the vRNA genome has been replicated, it must be encapsidated with the NP. 

The NP has a two-lobed structure, bisected by an RNA binding groove and has two 

arms on the N and C-terminals (Figure 3.7). These arms allow for the oligomerisation 

of the NP in a helical fashion around the vRNA (Olal and Daumke, 2016, Guo et al., 

2016, Arragain et al., 2019). Firstly, the NP trimerises before binding to the NCR of 

genomic segments (Mir and Panganiban, 2004). The NP binds to the viral genomic 

RNA in different ways dependent upon the hantavirus in question (Meier et al., 

2021). In HTNV, the NP was found bind to the ss 5’ NCR in RNA competition 

experiments (Severson et al., 2001). Whereas in SNV, the NP was found to bind to 

the double-stranded (ds) region of the 5’ and 3’ panhandle in the NCRs and not the 

ss region in filter binding assays (Mir and Panganiban, 2004).  
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Figure 3.7: HTNV NP and RNA structure. 

(A) Helical arrangement of HTNV NP filament, each colour corresponds to a different NP 
monomer. (B) The HTNV NP monomer with RNA shown within the positively charged 
groove. The 3D-structure is mapped with the electrostatic surface representation. Figure 
adapted from figure 1 A and C Arragain et al. (2019). 
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3.1.6.5.2 Glycoprotein Maturation   

GPC undergoes maturation when it is cleaved by the cellular signal peptidase 

complex as it enters the ER. This cleavage happens at signal sequence situated 

between Gc and Gn regions the GPC, resulting in the formation of the two 

glycoproteins (Löber et al., 2001). Once cleaved, the two glycoproteins transit from 

the ER to the Golgi, forming heterodimers which further combine to form tetrameric 

spikes (Serris et al., 2020). In PUUV, the translocation of Gn into the Golgi from the 

ER is highly reliant upon Gc due to its cytoplasmic tail (the cytoplasmic tail in Gn 

provides stability), with its removal preventing Golgi localisation (Sperber et al., 

2019). Furthermore, the Gc:Gc interactions between neighbouring spike 

glycoproteins are predicted to facilitate the necessary membrane curvature needed 

for viral entry into the Golgi. This was suggested due to the interruption of the Gc:Gc 

interaction by mutations in the contact residues between Gc:Gc resulting in inhibited 

virion production (Bignon et al., 2019). Once bound to the Golgi membrane, the 

cytoplasmic tails of the Gn and Gc spike complex bind to both the RNA, and the NP 

of the ribonucleoprotein genome segments, allowing for the formation of the 

hantavirus virion. (Hepojoki et al., 2010, Strandin et al., 2011). The glycoprotein-NP 

binding was proven by Hepojoki et al. (2010) who co-immunoprecipitated both 

glycoprotein and NP bound together. Whereas, Strandin et al. (2011) revealed that 

Gn cytoplasmic tail can non-specifically bind to RNA through cross-linking and co-

immunoprecipitation.   

 

3.1.6.6 Egress 

 

The details of hantavirus egress are largely unknown. However it has been 

suggested that OW hantavirus virions assemble at the Golgi and are then released 

by exocytosis, whereas NW hantaviruses are assembled and released directly at the 

plasma membrane (Meier et al., 2021, Ravkov et al., 1997, Goldsmith et al., 1995). 

However, the situation is not quite so clear cut (Meier et al., 2021). In the original 

study,  suspected virions were identified within the Golgi of SNV infected cells when 

imaged through EM. Another study found SNV virions within the perinuclear region, 

indicating intracellular assembly (Goldsmith et al., 1995, Zaki et al., 1995). 

Furthermore, recent EM imaging of cryo-preserved cells infected with the OW 

hantavirus HTNV found extracellular virions in the vicinity of membrane projections, 

indicative of direct viral budding at the plasma membrane (Parvate et al., 2020, 

Meier et al., 2021). 
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3.1.7 Chapter Aims 

 

To date, little is known regarding the hantavirus cellular replication cycle, especially 

in regards to the location of genome replication. This is particularly relevant for the 

TULV hantavirus which has not been as well studied when compared to other more 

pathogenic hantaviruses (e.g. SNV and PUUV). The aim of this chapter was to 

investigate the cellular ultrastructure of cells infected with hantavirus via TEM. Cells 

were imaged at early, peak and persistent time points to see how the virus induced 

changes develop over the course of infection. The TEM images would then be 

compared with immunofluorescence images taken of similarly infected cells in 

collaboration with Katherine Davies of the John Barr laboratory. The results from this 

collaboration are the subject of this chapter and were published (Davies et al., 2020). 

All of the TEM micrographs were taken by me, whereas Katherine Davies worked on 

the immunofluorescence images. The combination of TEM with immunofluorescence 

combines the higher resolving power of EM with protein localisation of 

immunofluorescence. This allowed us to elucidate structural details of TULV 

replication in addition to investigating the viral and cellular components involved.  
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3.2 Tula virus results  

 

3.2.1 TULV infected cells show no sign of viral modification at 36 hpinf 

 

Little is known about the hantavirus replication cycle, especially the sites of viral 

replication and assembly. Even less is known about TULV replication cycle when 

compared to the other hantaviruses. An improved understanding of the cellular 

mechanisms of TULV replication could aid in the development of novel antivirals for 

both TULV and other hantaviruses. To determine whether TULV modifies cellular 

ultrastructure, TEM was used to visualise TULV infected cells at 36 hour post 

infection (hpinf), 7 days post infection (dpinf) and 30 dpinf to represent early, peak and 

persistent stages of TULV replication. Vero E6 cells were infected with TULV at an 

MOI 0.1 and incubated for their respective time points. Next the cells were fixed, 

embedded in resin, sectioned, stained, and finally imaged via electron microscopy 

(EM).  

Resin was initially mixed slowly by hand to prevent the bubble formation observed in 

previous practice attempts. This lead to the accidental failure to adequately mix the 

resin and the loss of samples. Consequently, I changed the protocol for all of the 

micrographs below to allow for the thorough mixing via vortexing and subsequent 

bubble removal through centrifugation. Originally, resin was left to infiltrate into 

samples over one day, however the time was extended for the TULV samples. This 

improved the infiltration and reduced the number of bubbles seen in sections. 

Additionally, prepared aliquots of lead citrate were originally not filtered prior to use. 

However, lead citrate precipitation occasionally appeared on imaged sections, so I 

started to filter aliquots prior to use for TULV experiments. This reduced but did not 

eliminate completely the appearance of lead citrate precipitation. 

The mock infected 36 hpinf cells possessed intact organelles (e.g. mitochondria and 

rough endoplasmic reticulum [RER]) and nuclear and cytoplasmic membranes 

(Figure 3.8). Similarly, TULV 36 hpinf cells were indistinguishable from mock infected 

cells, with no observable signs of viral infection (e.g. virions, viral factories or 

disrupted cellular membranes/organelles) (Figure 3.9).  

Particles were frequently spotted in the cytoplasm of 36 hpinf infected (Figure 3.9, B 

‘>’). Particles were characterised as small vesicles with protein studded electron 

dense membranes which resembled viral particles. However, later these particles 

were also identified within the cytoplasm of mock infected cells. Due to their 

presence in the mock infected cells, it was concluded that the particles were likely to 
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be clathrin-coated vesicles which had been misidentified. Clathrin-coated vesicles 

have a similar appearance to that of TULV virions due to their protein studded-

vesicular morphology. As a result, there were no signs of viral infection in 36 hpinf 

TULV infected cells when imaged via TEM.  
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Figure 3.8: TULV mock infected cells - 36 hpinf.  

Non-infected Vero E6 cells were mock infected and incubated for 36 hours. 
Following incubation, cells were processed for TEM. Micrographs A-B, C-D, and E-F
are three different cells, with higher magnification images being shown sequentially 
on the right. The nucleus (Nu), mitochondria (Mi), and rough endoplasmic reticulum 
(RER) are labelled accordingly. Scale bars for the two lower magnifications 
represent 1 μM with the highest magnification scale bar representing 500 nm. 
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Figure 3.9: 36hpinf TULV infected cells. 

Vero E6 cells were infected with TULV and incubated for 36 hours. Following 
incubation, cells were processed for TEM. Micrographs A-B, C-D, and E-F are three 
different cells, with higher magnification images being shown sequentially on the 
right. The nucleus (Nu), mitochondria (Mi), rough endoplasmic reticulum (RER), and 
virus-like particles (>) are labelled accordingly. Scale bars for the two lower 
magnifications represent 1 μM with the highest magnification scale bar representing 
500 nm.   
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3.2.2 7 dpinf TULV infected cells have cytoplasmic filamentous 
structures and enlarged RER 

After characterising cells infected for 36 hpinf, I moved onto the mid-infection time 

point to see if there are any signs of TULV infections present at 7 dpinf. At 7dpinf 

differences began to appear between the mock infected (Figure 3.10) and infected 

cells (Figure 3.11). 7 dpinf mock infected cells were again characterised by normal 

cell ultrastructure which was indistinguishable from the mock 36 hpinf conditions 

(Figure 3.8). Although infected 7 dpinf cells also possessed normal cell architecture, 

filamentous structures and enlarged RER were also present.  

Filamentous structures appeared in large diffuse clusters in the cytoplasm of infected 

cells, with only one filamentous cluster seen per cell (Figure 3.11, A to B). Each 

filamentous cluster consisted of smaller bundles of varying width and length. 

Although individual filament bundles were characterised by tightly packed parallel 

fibres, neighbouring filamentous bundles had a variety of orientations. Some of the 

filament bundles were parallel to neighbouring bundles, with others running 

perpendicular.  

In addition to filamentous structures, there were also signs of RER enlargement in 

infected cells when compared to the mock infected (Figure 3.10, D vs. Figure 3.11, 

D). There also seemed to be greater branching of the RER tubule network. 

There were still no confirmed TULV virions found intra or extracellularly in the 7 dpinf 

conditions. Due to TULV virions having a similar appearance to cellular vesicles, 

often TEM micrographs of TULV virions in the literature are extracellular, with the 

virus being imaged next to the cellular membrane. Despite this, no extracellular 

virions were identified when imaging these spaces. Consequently, 7 dpinf TULV 

infected cells show signs of viral infection characterised by filamentous structures 

and enlarged RER, with particles being found in both mock and infected conditions.  
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Figure 3.10: TULV mock infected cells - 7 dpinf. 

Vero E6 cells were mock infected and incubated for 7 days. Following incubation, cells 
were processed for TEM. Micrographs A-B, C-D, and E-F are three different cells, with 
higher magnification images being shown sequentially on the right. The nucleus (Nu), 
mitochondria (Mi), rough endoplasmic reticulum (RER), and particles (>) are labelled 
accordingly. Scale bars for the two lower magnifications represent 1 μM with the highest 
magnification scale bar representing 500 nm.   
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Figure 3.11: 7dpinf TULV infected cells 

Vero E6 cells were infected with TULV and incubated for 7 days. Following 
incubation, cells were processed for TEM. Micrographs A-B, C-D, and E-F are three 
different cells, with higher magnification images being shown sequentially on the 
right. The nucleus (Nu), mitochondria (Mi), rough endoplasmic reticulum (RER), 
filaments (Fi), Golgi (Go) and particles (>) are labelled accordingly. Scale bars for 
the two lower magnifications represent 1 μM with the highest magnification scale bar 
representing 500 nm.   
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3.2.3 30 dpinf TULV infected cells have larger filamentous structures than 
7 dpinf and enlarged RER. 

 

To assess the effect of TULV on cell ultrastructure during persistent infection, TULV-

infected cells were imaged at 30 dpinf. At this time point there were signs of cell 

death in both the mock infected (Figure 3.12) and TULV infected cells (Figure 3.13). 

Cell death was characterised by a loss of both cellular and nuclear membrane 

integrity resulting in low cytoplasmic density and occasional loss of nuclear 

chromatin. 30 dpinf mock infected cells were difficult to image due to the poor 

membrane integrity in living cells. This can be seen in figure 3.12 where membranes 

appear indistinct, with low contrast between organelles and the cytoplasm. Despite 

30 dpinf infected cells also showing signs of cell death, they were in better condition 

than that of the 30 dpinf mock infected cells when imaged through TEM. This was 

corroborated by a colleague when qualitatively viewing both conditions via light 

microscopy in cell culture- there were more living cells in the infected condition at 30 

dpinf than the mock infected. Additionally, in both conditions, cells had large 

structures resembling phagosomes which contained debris- potentially the remains 

of apoptotic cells (Figure 3.13, C and E).  

There are two ways that cells can die: There is primary necrosis (unregulated cell 

death) which occurs when severe damage to a cell causes immediate cell 

membrane breakdown. Or there is apoptosis (regulated cell death) which is slower 

and planned, allowing for cell contents to be released within vesicles (Sachet et al., 

2017). In apoptosis cell contents can be cleared by nearby phagocytic cells (mainly 

macrophages). If the apoptotic cell is not cleared by phagocytosis, the cell 

progresses into late apoptosis which is characterised by a loss of cell integrity 

(secondary necrosis) (Wyllie et al., 1980, Silva, 2010). The phagocytosis of apoptotic 

cell remains allows for most efficient recycling of cellular material and is therefore 

desirable by the organism. However, secondary necrosis can occur when the rate of 

apoptosis is greater than the phagocytic capability of the neighbouring cells (i.e. 

there is too much cell death) (Garg et al., 2016). Vero E6 cells are epithelial cells 

which despite not being not being macrophages are still capable of phagocytosis 

(Monks et al., 2005). When the cells died from starvation or viral infection at 30 dpinf, 

they were phagocytosed resulting in the phagosomes seen in the micrographs. 

There are dead cells in the micrographs that were not phagocytosed, which is likely 

due to there being too many apoptotic cells resulting in secondary necrosis. 

Interestingly, there did seem to be more healthy cells in the TULV infected condition 
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compared to mock infected. However, as I was focusing on imaging living cells with 

intact cellular membranes I cannot validate this claim.  

The filamentous clusters seen earlier in the 7 dpinf TULV infected cells (Figure 3.11, 

B) were also present in the 30 dpinf TULV cells. 30 dpinf filaments were again 

arranged in individual bundles of parallel fibres which were clustered into large 

diffuse sites within the cytoplasm. Typically, the filament clusters were situated in the 

middle of the cell or in the perinuclear region. Again, there were no confirmed virions 

imaged. In summary, during persistent stages of infection, TULV may form large 

filamentous structures and could further enlarge the RER, with no difference seen in 

particles between mock and infected cells.   
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Figure 3.12: TULV mock infected cells - 30dpinf 

Vero E6 cells were mock infected and incubated for 30 days. Following incubation, 
cells were processed for TEM. Micrographs A-B, C-D, and E-F are three different 
cells, with higher magnification images being shown sequentially on the right. The 
nucleus (Nu), and mitochondria (Mi) are labelled accordingly. Scale bars for the two 
lower magnifications represent 1 μM with the highest magnification scale bar 
representing 500 nm.   



62 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.13: 30dpinf TULV infected cells 

Vero E6 cells were infected with TULV and incubated for 30 days. Following 
incubation, cells were processed for TEM. Micrographs A-B, C-D, and E-F are three 
different cells, with higher magnification images being shown sequentially on the 
right. The nucleus (Nu), mitochondria (Mi), rough endoplasmic reticulum (RER), 
filaments (Fi), phagosomes (Ph) and particles (>) are labelled accordingly. Scale 
bars for the two lower magnifications represent 1 μM with the highest magnification 
scale bar representing 500 nm.   
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3.2.4 Filamentous bundles increase in length from peak to persistent 
TULV infection  

 
The filamentous structures imaged during TULV infection were only seen in infected 

cells. Therefore, I decided to investigate this novel observation as a potential 

hallmark of TULV infection. Filaments were observed in the cytoplasm of 4% of the 

224 7 dpinf cells imaged, and 5% of the 92 30 dpinf infected cells (Figure 3.14, D). 

There was a variety of filamentous bundles sizes which can be seen by the large 

error bars of figure 3.14, A-C. Within the imaged sections, the average 2D-width of 

the filament bundles at 7 dpinf was 77 +/- 42 nm (j) with 30 dpinf having filament 

bundles having a larger width of 113 +/- 50 nm. An independent samples t-Test of 

log(10) transformed data indicated that the filament bundles in 30 dpinf cells were 

statistically wider, t(613) = 1.96, p = < 0.001 (two-tailed). The length of the 

filamentous bundles was similarly varied with the 7 dpinf filament bundles having an 

average length of 258 +/- 151 nm, and the 30 dpinf filament bundles having a larger 

average length of 394 +/- 279 nm. An independent samples t-Test of log(10) 

transformed data indicated that the filament bundles in 30 dpinf cells were statistically 

longer, t(613) = 1.96, p =  < 0.001 (two-tailed).  

At 7 dpinf, each filament cluster had on average 42 +/- 39 filament bundles, with 30 

dpinf filament clusters having on average 55 +/- 49 filament bundles per cell (Figure 

3.14, E). A Mann-Whitney U test indicated that this was not statistically significant, 

U(N7dpinf = 8 , N30dpinf = 5) = 18, p = > 0.05 (two-tailed). All of the filamentous 

structures counted above were found in living cells, as a number of filamentous 

bundles at 30dpinf were found in the debris of apoptotic cells that had been 

phagocytosed by living cells (Figure 3.14, F-H). Filaments in phagocytic 

compartments were not counted due to extracellular material being difficult to 

identify. In conclusion, the filamentous bundles on average grew larger from 7 dpinf to 

30 dpinf, with the percentage of cells with filaments, and the average number of 

filament bundles per filament cluster staying constant between time-points.  

 
 
 

 

 

 

 



64 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14: Analysis of filament bundles from TULV infected cells across 7 and 30 
dpinf 

Vero E6 cells were infected with TULV and incubated for 7 or 30 days. Following incubation, 
cells were processed for TEM. (A-B) cytoplasmic filamentous bundles from cells infected at 7 
dpinf and 30 dpinf respectively. (A) Filament bundles at 7 dpinf, shorter bundles are highlighted 
with a ‘>’, and longer bundles are highlighted by an arrowhead. (B) Filament bundles at 30 
dpinf. (C) length and width of filament bundles were measured for both time points and are 
shown as a box plot. Error bars represent standard deviation and significance bars represent 
a p-value of < 0.001 (D) percentage of living cells that contain filament bundles at 7 and 30 
dpinf. (E) average number of filament bundles found in each cell that is filament positive; error 
bars represent standard deviation. (F-H) images of a 30 dpinf cell that has filamentous 
bundles, with (F) showing the low magnification image, (G) showing the higher magnification 
of filaments within the cytoplasm, and (H) showing the higher magnification image of the 
filaments within a phagosome. Filaments (Fi) and phagosomes (Ph) are labelled accordingly. 
Scale bars represent 1 μM. 
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3.2.5 Enlarged RER further confirms successful TULV infection 

 

One of the easiest ways to confirm successful viral infection is to identify viral 

structures such as capsids, virions, or viral factories. However as mentioned above, 

TULV virions are difficult to identify due to their ambiguous morphology, making it 

easy to confuse them with normal cellular vesicles. Despite TULV virions being 

difficult to identify, suspected particles were selected and compared between 

infected and mock infected conditions. Figure 3.15 below shows a set of these  

particles from all conditions. Particles were characterised by having a single-layered 

membrane, an electron-dense core, and a studded exterior. Although most of the 

particles were indistinguishable between infected and mock infected conditions, the 

particles from Figure 3.15, I is visually different from other particles as it has a darker 

core. Interestingly, this particles has a second outer membrane, which indicates that 

this is potentially a TULV virion that has undergone entry within an endosome. With 

only one potential TULV virion being identified, there needs to be more evidence of 

successful infection identified. 
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Figure 3.15: Collection of particles from across all TULV infected and mock conditions 

Vero E6 cells were infected with TULV or mock infected and incubated for 36 hours, 7 days, or 30 
days. Following incubation, cells were processed for TEM. Extracellular and intracellular particles 
were then identified in all time points with representative examples being displayed above. Scale 
bar for the lower magnifications represents 1 μM.    
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The Golgi apparatus is frequently modified by viruses during cellular infection. 

Certain hantaviruses have been found to assemble at the Golgi, and NP has 

identified within membrane-bound structures around the Golgi (Meier et al., 2021, 

Ramanathan et al., 2007). Work from Davies et al. (2020) found TULV induced 

changes to the Golgi complex structure. Consequently, the Golgi were inspected 

next for any noticeable changes in morphology in TULV infected cells (Figure 3.16). 

Of the 224 cells imaged, only 26 Golgi could only be identified in 7 dpinf TULV 

infected cells, and 10 in the 97 7 dpinf mock infected cells. However, there were no 

identifiable differences in Golgi morphology between TULV infected and mock 

infected conditions, with Golgi being characterised by a typical morphology of 

stacked tubes of cisternae surrounded by vesicles. TULV viral infection therefore 

could not be confirmed from the remodelling of Golgi structure imaged by TEM. This 

difference in results is likely due to the different techniques used. The 

immunofluorescence work from Davies et al. (2020) used the Golgi marker- receptor 

binding cancer antigen expressed on SiSo cells to identify Golgi within the cell. 

However for my TEM investigation no Golgi markers were used. Consequently, I 

could only identify Golgi based upon their structural characteristics (e.g. stacked, 

sac-like cisternae). Therefore, I could only identify “standard-looking Golgi”; and as a 

consequence, any Golgi that had been distorted beyond the characteristic 

appearance would not be identified. This creates a selection bias where only 

wildtype-like Golgi are identified.   
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Figure 3.16: Comparison of Golgi between mock and 7 dpinf TULV infected 
cells 

Vero E6 cells were infected with TULV or mock infected and incubated for 7 
days. Following incubation, cells were processed for TEM. Golgi (Go) were 
identified and compared from different time point, with representative examples 
being displayed above. Scale bar represents 1 μM.   
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When imaging the different TULV conditions, a large number of suspected lamellar 

bodies (LBs) were identified in both mock and TULV infected cells. Previous work 

from Sanz-Sánchez and Risco (2013) found evidence LB manipulation in 

Bunyamwera virus infected cells, the prototypical virus of the Bunyavirales order. 

Suspected LBs were found in all of the conditions (Figure 3.17), except the 30 dpinf 

mock infected where none were found due to issues with the membrane integrity. 

LBs are easily identifiable due to their unique multilamellar structure (Figure 3.17), 

although there were no identifiable changes in LB morphology identified across any 

of the conditions in which LBs were found. There were also no differences observed 

between LB to cell ratios between conditions. Therefore, the results suggest that 

TULV infection does not lead to any noticeable changes in LB morphology or 

frequency.  
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Figure 3.17: Comparison of lamellar bodies in mock and TULV infected cells at 
different time points 

Vero E6 cells were infected with TULV or mock infected and incubated for 36 hours, 7 
days, or 30 days. Following incubation, cells were processed for TEM. (A-E) Lamellar 
bodies (LBs) were identified and compared from different time points, with representative 
examples being displayed above. No LBs could be found in the mock infected cells at 30 
dpinf. Scale bar represents 1 μM. (F) The LB to cell ratio of all conditions.  
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Hantaviruses are known to utilise the RER as part of their cellular replication, and 

TULV has been found to trigger ER stress in Vero E6 cells (Li et al., 2005). Thus, the 

RER were analysed for any signs of TULV alteration (Figure 3.18). RER were 

observed in abundance across the majority of conditions (1104 across all 

conditions). There were clear signs of RER enlargement in TULV infected cells from 

7 dpinf onwards, with 55 % of 338 7 dpinf RER imaged showing signs of enlargement 

vs 17 % of the 367 RER in the 7 dpinf mock infected cells. At 30 dpinf, 48 % of the 160 

RER imaged were enlarged. Unfortunately, due to poor cellular viability at 30 dpinf 

mock infected, only 16 RER were identified, making the findings not highly 

representative at this time point. In addition to RER enlargement, there was evidence 

of RER tubule fusion in TULV infected 7 and 30 dpinf cells (Figure 3.18, D and F). 

The fusion of the RER resulted in a branched phenotype characterised by increased 

lumen area. In conclusion, TULV infection may result in an increase in RER size and 

tubule fusion when compared to the mock infected control, therefore it could be used 

as a confirmation of successful TULV infection, in addition to the presence of 

filamentous bundles.  
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Figure 3.18: Comparison of RER between mock and TULV infected cells at 
different time points 

Vero E6 cells were infected with TULV or mock infected and incubated for 36 hours, 
7 days, or 30 days. Following incubation, cells were processed for TEM. The 
mitochondria (Mi), RER, and RER tubule fusion (>) are labelled accordingly. RER 
were identified and compared at different time points, with representative examples 
being displayed above. Scale bar represents 1 μM.   
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3.3 Tula virus discussion 

 

The aim of this chapter was to investigate the cellular ultrastructure of cells infected 

with hantavirus via TEM. This project was carried out in collaboration with Katherine 

Davies who carried out the immunofluorescence experiments. Cells were imaged at 

early, peak and persistent time points to ascertain how Tula virus induces change 

over the course of infection. It was found that filamentous structures form in TULV 

infected cells at peak and persistent time points, with structures significantly 

increasing in length and width as infection progresses. Furthermore, evidence of ER 

enlargement was also identified in peak and persistent time points. 

 

3.3.1 TULV Filamentous Structures  

 

3.3.1.1 TULV filamentous structures are a key aspect of the hantavirus 

replication cycle  

 

One of the most striking findings from the imaging of Vero E6 cells infected with 

TULV is the presence of the large filamentous structures in the cytoplasm of infected 

cells at peak and persistent stages. The first stage in investigating these structures 

was to identify whether the filaments were unique to TULV, or found in other 

hantaviruses (Figure 3.19). The first evidence of filaments mentioned in relation to 

hantavirus infection focused on investigating the ultrastructure of Vero E6 cells 

infected with SNV through TEM (Figure 3.19, A) (Goldsmith et al., 1995). The 

authors identified large (~1 µm) filamentous inclusions within the cytoplasm of 

infected cells, which contained multiple filaments in a parallel arrangement. These 

structures bear a striking resemblance to the filamentous bundles I identified in 

TULV infected cells. Furthermore, the size and morphology of the filamentous 

bundles shown matched the filaments seen in persistent TULV infected cells (30 

dpinf). Although the paper does not mention at which time point post infection that 

they imaged the cells. The identification of filaments in SNV infected cells was 

supported by another paper in the same year which found similar structures in SNV 

infected capillary endothelial cells from lung tissue sections (Zaki et al., 1995) 

(Figure 3.19, B). Finally, a more recent report from Pizarro et al. (2019) found 

filamentous “masses” when using TEM on lung samples from fatal cases of ANDV 

HPS (Figure 3.1, C). The 2 µm long masses were located within the cytoplasm of 
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alveolar epithelial cells and macrophages. Again, the structures were similar in 

appearance to the filamentous structures seen in TULV infected cells. The 

identification of these filamentous structures within TULV infected cells represents 

the first OW hantavirus to be identified in the literature that produces these 

structures. Furthermore, the presence of these filamentous structures in several 

different cell types (e.g. macrophages, endothelial, and epithelial), in both in vitro and 

in vivo, and also across NW (SNV and ANDV) and OW (TULV) hantaviruses 

indicates that these structures might be involved in key hantavirus processes.  

 

Figure 3.19: Collection of hantavirus filamentous structures from the 
literature. 

(A) TEM micrograph of Vero E6 cells infected with Sin Nombre hantavirus (SNV). 
Filament bundles highlighted with a ‘<’. Figure adapted from Figure 6, B by 
Goldsmith et al. (1995). Scale bar represents 100 nm. (B) TEM micrograph of 
capillary endothelial cells from lung tissue sections infected with SNV. Filament 
bundles highlighted with a ‘<’. Figure adapted from Figure 13, A by Zaki et al. 
(1995). Scale bar represents 100 nm. (C) TEM micrograph of lung cells from lung 
tissue sections infected with Andes hantavirus (ANDV). Filament bundles highlighted 
with a ‘<’. Figure adapted from Figure 4, B by Pizarro et al. (2019). Scale bar 
represents 175 nm. 
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3.3.1.2 TULV filamentous structures act as a site of vRNA replication and 

transcription  

 

Although previous work has identified filamentous structures in both SNV and ANDV, 

none of the papers investigated the composition or function of the structures. As 

mentioned earlier, the TEM work on TULV was carried out in conjunction with 

Katherine Davies of the John Barr group. I carried out the TEM work which can be 

seen above, whereas Katherine Davies worked on the immunofluorescence work. 

One of Katherine’s figures can be seen below, showing stained filamentous NP 

structures imaged by confocal microscopy (Figure 3.20). Katherine utilised confocal, 

immunofluorescence and fluorescent in-situ hybridisation (FISH) to identify which 

components localise to the filamentous structures (Davies et al., 2020). She found 

through immunofluorescence that the filamentous structures contain NP. 

Furthermore, that the filamentous structures co-localise with a Golgi marker, the 

stress granule marker TIA-1, and vimentin. Additionally, the FISH analysis showed 

that both vRNA and mRNA localise with the filaments (Davies et al., 2020).  

The presence of vRNA, mRNA, and the stress granule protein TIA-1 within the 

filamentous structures indicate that this might be the site of TULV genome replication 

and transcription (Davies et al., 2020). As mentioned in the introduction, hantavirus 

transcription is dependent upon host mRNA cap-snatching. For cap-snatching to 

occur, there must be a readily available source of mRNAs. Work from Mir et al. 

(2008) found that SNV NP accumulated in cellular P bodies which act as a source of 

mRNA and subsequently, 5’ caps. Stress granules are structures composed of 

mRNA and protein and therefore could act as a source 5’ caps for TULV (Wheeler et 

al., 2016).  

Stress granules are involved in promoting cellular survival during periods of stress by 

acting as an organisation centre for mRNA. Untranslated mRNAs can either be 

stored within the stress granules, transported to the p-bodies for degradation, or 

transported to the polysomes for expression (Campos-Melo et al., 2021, Anderson 

and Kedersha, 2008). Stress granule formation is initiated by either the 

phosphorylation eIF2α during cell stress or by eIF4A (Mazroui et al., 2006, Low et 

al., 2005). Either eIF2α or eIF4A trigger stress granule formation through the release 

of mRNA from the polyribosomes. The mRNA then acts as a scaffold for RNA-

binding proteins, initiating stress granule formation (Bounedjah et al., 2014). Stress 

granules consist of two regions: the highly concentrated core region and the 

relatively less concentrated and dynamic shell region. The two zones are predicted 

to carry out different functions, but these are currently unknown (Bounedjah et al., 
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2014, Protter and Parker, 2016). TIA-1 is one of the RNA-binding proteins found in 

stress granules and regulates assembly (Gilks et al., 2004). 

The association between the stress granule marker TIA-1 at the filamentous NP 

structures in addition to viral mRNA, indicates that this could be the site of TULV 

transcription. Furthermore, the grouping of NP, vRNA and viral mRNA suggest that 

viral genome replication and transcription may occur at the same location: the 

filamentous structures (Davies et al., 2020). The role of TIA-1 and stress granules in 

TULV transcription could be further investigated. Through the use of siRNA, TIA-1 

expression could be knocked-down to investigate the effect on TULV transcription. 

Successful TIA-1 down-regulation could be assessed through western blot analysis, 

and TULV virion production could be quantified through qPCR. If the suppression of 

TIA-1 results in a decrease in TULV viral production, it would further indicate that the 

stress granules play a role in TULV infection.  
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Figure 3.20: Filamentous NP stained structures in TULV infected cells.  

Confocal images showing filamentous nucleocapsid (NP) structures in tula virus 
(TULV) infected cells at early (36 hpinf), peak (7 dpinf), and persistent infection (30 
dpinf) stages. Vero E6 cells were infected at a multiplicity of infection of 0.1, and 
images were taken at the relevant time point. Nuclei were stained with DAPI 
(blue), and the TULV NPs were stained with NP antisera (green). Scale bars 
represent 30 µm. Images were taken by Katherine Davies, adapted from figure 1, 
A (Davies et al., 2020). 
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3.3.1.3 TULV NP forms the filamentous structures  

 

It is particularly interesting that the Golgi marker is also associated with the 

filamentous bundles. As mentioned in the introduction, hantavirus glycoproteins are 

frequently associated with the Golgi; for example, in PUUV the glycoproteins Gn and 

Gc are found enriched within the Golgi (Sperber et al., 2019). However, the TEM 

images of the filamentous structures do not seem to possess any membranes. This 

indicates that TULV infection might result in the relocation of Golgi-associated 

proteins to the filamentous structures, rather than replicating within the Golgi.  

The next question that needs answering is what the filamentous structures are 

assembled from. Research from Davies et al. (2020) found significant localisation of 

NP and vRNA with the filamentous structures. Recent cryo-EM imaging of the HTNV 

NP allowed for the creation a high-resolution structure of the helical arrangement of 

the NP (Arragain et al., 2019). The 3.3 Å resolution structure revealed a continuous 

helical oligomer chain with a positively charged groove that allows for vRNA binding, 

although no RNA was present. The cryo-EM micrographs revealed long fibrils similar 

to those seen in TULV filamentous structures. Admittedly, the HTNV NP fibrils were 

only ~100-300nm, although the addition of vRNA to the NP fibrils might improve 

stability. Additionally, it is difficult to ascertain the length of individual filaments in the 

TULV filamentous bundles due to the uneven overlapping of the filaments. This is 

further supported by Welke et al. (2022) who investigated PUUV NP intracellular 

dynamics. They found when rodent cell lines were transfected with a fluorescently 

tagged PUUV NP, the NP formed small punctate clusters which developed into 

larger fibrillar aggregates as the infection progressed. This indicates that even 

without vRNA (or any other viral components), that the NP is capable of forming 

these larger filamentous structures. All of this evidence suggests that NP might be 

responsible for forming the filamentous structures in TULV infected cells. 

To further investigate the correlation of the filamentous structures with the Golgi 

markers, I would repeat the immunofluorescence work using several different Golgi 

markers. This would help identify whether it is a singular Golgi protein that is 

associating with the filamentous structures, or several. There are a number of Golgi 

markers which can be used, such as syntaxin B which is involved in the trafficking of 

intracellular vesicles, and Beta1,4-galactosyltransferase 6 which is an internal Golgi 

membrane marker (Bock et al., 1997, Zhang et al., 2013, Teasdale et al., 1992). For 

the imaging of several different Golgi markers (in different cells), it would be practical 

to use immunofluorescence microscopy with different antibodies for the different 

markers. If all of the different markers associate with the filamentous structures in 
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TULV infected cells, it would suggest that the Golgi is being restructured, as 

opposed to the relocation of one individual Golgi protein.  

Additionally, as a further confirmation that the filamentous structures contain TULV 

NP, CLEM could be utilised to image infected cells. Antibodies can be used to 

immuno-label specific structures in CLEM, a technique known as immuno-CLEM 

(Oorschot et al., 2021). However, the sample has to be prepared in a way that 

preserves protein antigenicity. Once such technique is the Tokuyasu cryo-

preparation which enhances the fluorescent labelling of probes and preserves 

antigenicity (Griffiths et al., 2015). Probing for TULV NP would further confirm that 

the filamentous structures seen through TEM are indeed the same structures 

identified by the TULV NP immunofluorescence work carried out by Katherine 

Davies (Figure 3.20).  

 

3.3.1.4 Host Vimentin forms cages around TULV NP filaments  

 

Davies et al. (2020) also found that vimentin associates with the TULV filament 

bundles at 7 dpinf and 30 dpinf. Vimentin is a Type III intermediate filament which has 

a tripartite structure consisting of a core α-helical shaft with a carboxy-terminal tail 

and amino-terminal head. The main function of vimentin is to maintain optimum 

protein levels within the cell (i.e., proteostasis). When protein levels are too high or 

proteins have been misfolded, they are trafficked to the centrosome. Vimentin then 

surrounds the centrosome and trafficked proteins, forming a structure known as an 

aggresome. The aggresome acts to store the unwanted proteins for later 

degradation (Johnston et al., 1998; Morrow and Moore, 2020). Whilst vimentin is not 

essential for aggresome formation, several studies have suggested that it acts as a 

scaffolding for the individual components (e.g. proteosomes) needed for the 

establishment of proteostasis (Morrow and Moore, 2020; Morrow et al., 2020). It was 

found by Pattabiraman et al. (2020) through comparative interactome analysis and 

immunofluorescence microscopy that vimentin directly associated with protein 

aggregates, misfolded proteins, and RNA binding proteins during stress, forming a 

cage structure around them. Curiously, they also found that vimentin interacts with 

stress granule components and enables stress granule formation. The researchers 

suggest that rather than vimentin forming around the aggregated protein at the 

juxtanuclear region, that protein traffics to the vimentin (Pattabiraman et al., 2020). 

Several viruses are known to manipulate vimentin over the course of their replication 

cycle. African swine fever virus (ASFV) rearranges vimentin to form cages around its 
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viral factories via the phosphorylation of vimentin (Stefanovic et al., 2005). However 

it is unknown whether this vimentin modulation is directed by ASFV to aid in viral 

replication by forming an assembly site or by acting as a scaffold for viral proteins; or 

whether it is directed a cell-mediated antiviral response to sequester viral proteins 

into an aggresome (Stefanovic et al., 2005). Additionally, Turkki et al. (2020) 

investigated the role of vimentin in the replication of enterovirus group B viruses. The 

researchers found that the transfection of cells with foreign dsRNA did not trigger the 

formation of vimentin cages. However, when they blocked viral protein expression 

they found that vimentin cages did not form, indicating that the creation of vimentin 

cages is caused by viral protein expression, not viral RNA. (Turkki et al., 2020). 

Vimentin has been further linked with hepatitis C (HCV) virus, vaccinia virus, cowpea 

mosaic virus, Japanese encephalitis virus, rabies virus, and Epstein-Barr virus (EBV) 

to name a few (Ghosh et al., 2011, Risco et al., 2002, Plummer et al., 2012, Das et 

al., 2011, Wang et al., 2011, Meckes et al., 2013). 

Therefore, it might be that TULV infection results in the formation of similar vimentin 

cage structures to those formed by ASFV. Intriguingly, this is not the first time that 

vimentin has been associated with hantavirus infection. Ramanathan et al. (2007) 

found that NP was linked with vimentin in HTNV infected Vero E6 cells at 5 dpinf. 

Vimentin formed cage like structures around condensed regions of NP when imaged 

through immunofluorescence. They hypothesised that the restructuring of vimentin 

could improve HTNV replication and transcription by providing a ‘scaffold’ or 

favourable environment. The formation of vimentin cages in the periphery around NP 

is similar to the observation that vimentin was adjacent to TULV NP at 30 dpi in 

TULV infected cells (Davies et al., 2020). Furthermore, Welke et al. (2022) (who was 

mentioned earlier in regards to NP) found that when cells were transfected with 

PUUV NP, the filamentous NP structures had significant co-localisation with 

vimentin. This lead them to conclude that contact with NP and vimentin occurred in 

the absence of other viral components. The interaction of vimentin and NP in HTNV 

and PUUV further reinforces the hypothesis that vimentin is involved in OW 

hantavirus replication.  

A future area of research would be to investigate the cause of vimentin potentially 

forming cages around the TULV NP filaments. At the moment, it is unknown whether 

the process a natural cell response to the presence of foreign protein, or if it is 

intentionally triggered by TULV infection. One possible way to examine this would be 

to transfect cells with different proteins. For example, one condition could be 

transfected to allow the expression of the TULV NP protein. Another condition could 

be transfected with a foreign protein, and the final condition could see the cell line 

transfected with a normal cell protein (a negative control). Cells would then be 
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imaged through CLEM to identify whether the vimentin response is the same for all 

three conditions, or whether it is different in TULV NP transfected cells. If the 

vimentin response is unique to NP expression, it indicates that TULV might be 

triggering or influencing the vimentin response. The use of CLEM will provide 

detailed structural information from the EM, which can then be combined with the 

identification of structures by the fluorescence microscopy. Additionally, vimentin 

could be inhibited to identify if there is any impact on TULV viral infection. There are 

a number of compounds which inhibit vimentin, such as ajoene which triggers 

vimentin intermediate filament break down, Fluvastatin which activates the 

proteolysis of vimentin via caspase-3, and silibinin which represses vimentin 

expression (Strouhalova et al., 2020). Successful vimentin disruption could then be 

confirmed through a combination of western blot and immunofluorescence, with 

TULV virion production quantified through qPCR analysis. If TULV virion production 

decreases in vimentin inhibited cells, it could indicate that it plays a role in successful 

virus production.  

 

3.3.2 TULV induces ER enlargement by triggering the ER stress 
response 

 

The other cell ultrastructure change observed during TULV infection was the 

enlargement and increased branching of the RER. The ER is a large, membranous 

organelle with a highly dynamic structure that has several roles (e.g. protein 

synthesis, folding, transport etc.). It has several domains which vary in structure and 

function, with the two main domains being the nuclear envelope and the peripheral 

regions of the ER (Baumann and Walz, 2001, Schwarz and Blower, 2016). The 

peripheral ER was originally believed to mainly consist of tubules and sheets. 

However, this view has been challenged by super resolution imaging which found 

that the peripheral ER contains a dense cluster of highly dynamic tubules (Nixon-

Abell et al., 2016). The ER can change its shape due to a group of membrane-

associated proteins and cytosol-based factors which can be split into different 

groups. There are the proteins that alter ER membrane curvature and tubule 

formation, such as the deleted in polyposis locus 1 protein and the reticulons (Voeltz 

et al., 2006). There are also the GTPase atlastins which generate ER tubule 

branching (Hu et al., 2009). Overall, the ER is a highly dynamic structure that is 

capable of rapidly changing its shape depending upon changing cellular 

environment.  
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The ER can be become enlarged as a direct response to physiological stress. 

Factors such as ER Ca2+ exhaustion, hypoxia, viral infection, and ER-Golgi transport 

failure can all lead to the accumulation of unfolded, or misfolded proteins, which can 

trigger the ER stress response (Lin et al., 2008, Schuck et al., 2009). ER stress 

triggers the unfolded protein response (UPR) which includes three separate protein 

sensors that aim to resolve ER stress (Mateus et al., 2018). For example, the UPR 

can increase ER protein-folding capacity alongside boosting the degradation of 

misfolded proteins (Lin et al., 2008). Another UPR mechanism to alleviate ER stress 

is the increase of lipid biosynthesis to expand the size of the ER. It is currently 

unknown if the expansion of the ER reduces ER stress by providing more space for 

misfolded proteins, or if it has a more direct role (Schuck et al., 2009, Short, 2009). If 

the ER stress continues, cell death can be activated through stimulation of pro-

apoptotic proteins such as CHOP (Zinszner et al., 1998).   

During viral infection, viruses often exploit the ER to mass produce proteins in 

addition to exploiting the ER membrane for envelopment. Consequently, viruses 

often trigger ER stress (Jheng et al., 2014). For example, Zika virus (ZIKV) is able to 

exploit the fluidic nature of the ER to enhance viral replication by triggering the UPR. 

During ZIKV infection, the ER lumen dilates and forms viral structures such as 

convoluted membranes, vesicle packets, zippered-ER, and viroplasm-like 

constructions which facilitate vRNA replication (Mohd et al., 2020, Rossignol et al., 

2017, Cortese et al., 2017). ZIKV is able to induce these changes by directly 

manipulating the host reticulon 3.1A, which induces ER membrane curvature. ER 

curvature allows for the formation of vesicle packets which act as sites of vRNA 

synthesis (Rossignol et al., 2017, Aktepe et al., 2017). This demonstrates how ZIKV 

is able to control the host response to protein misfolding to aid in its replication cycle.   

The swelling of the ER due to induced ER stress is also a prominent aspect of the 

hantavirus replication cycle. Recent research found that the HTNV infection of a 

monocyte cell line resulted in significantly higher levels of several ER-stress related 

proteins (e.g. PKR-like ER kinase [PERK]). However, they did not observe any signs 

of apoptosis in infected cells and CHOP mRNA levels were not elevated, indicating 

that HTNV can activate the UPR without triggering cellular apoptosis (Li et al., 2021). 

The recent EM investigation of HTNV infected Vero E6 cells by Parvate et al. (2020) 

found signs of swollen ER at 7 dpinf, with the researchers stating that ER 

enlargement was a hallmark sign of HTNV infection. HTNV is not the only hantavirus 

which has been found to induce ER stress. TULV infection was also found to trigger 

ER stress in Vero E6 cells. Researchers found that TULV infection increased the 

expression of the ER-located chaperone Grp78/BiP which is involved in the ER 

stress response. They proposed that this was due to the misfolding of TULV 
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glycoproteins triggering the UPR (Shi and Elliott, 2004, Li et al., 2005). The above 

findings show that ER stress triggered by hantavirus infection can lead to ER-

enlargement. Therefore, I propose that TULV enlargement of the ER seen in the 

TEM micrographs might be caused by the triggering of the UPR, likely due to the 

misfolding of TULV glycoproteins in the ER.  

However, this model does not answer whether the ER enlargement is just a cellular 

response to protein misfolding, or whether TULV manipulates the process to aid in 

viral replication. Further investigation will be needed to answer this question. A better 

structural understanding of the ER enlargement could help to answer whether there 

is any benefit for the virus in restructuring of the ER (e.g. as seen in ZIKV). A 

technique that could be used to investigate this is focused ion beam (FIB) scanning 

electron microscopy (SEM). FIB SEM involves using a laser to ‘slice’ off layers of cell 

whilst imaging each top layer via scanning EM (SEM). This allows for the imaging of 

a larger region of a cell, rather than imaging a singular ~100 nm section. 

Consequently, more 3D information is gained allowing for the recreation of a larger 

structure. FIB-SEM has been used to visualise the details of herpesvirus nuclear 

egress, revealing the mechanics of envelopment and de-envelopment (Villinger et 

al., 2015). 

 

3.3.3 Proposed Model of TULV replication site formation and ER 
enlargement  

 

All of the evidence has led me to suggest a speculative model on the formation of 

the TULV replication site. Upon TULV infection of the cell and subsequent protein 

expression, NP proteins are produced within the cytoplasm. Upon the accumulation 

of TULV NP into the cytoplasm, it independently forms into filaments. This is 

supported by Welke et al. (2022) who found that PUUV NPs formed into filaments 

when cells were transfected with just NP. Next, the concentrated aggregates of NP 

filaments triggers the cells proteostasis response, causing either vimentin to relocate 

to the NP filaments, or the NP to relocate to the vimentin (Morrow et al., 2020; 

Pattabiraman et al., 2020). This process might be similar to how protein production in 

enterovirus group B virus infection triggers the formation of vimentin cages (as 

mentioned earlier) (Turkki et al., 2020). Next, the vimentin forms a cage-like structure 

around the NP filaments, as shown in HTNV, PUUV, and Katherine Davies’ findings 

(Ramanathan et al., 2007; Welke et al., 2022; Davies et al., 2020). This cage-like 

structure could then act as a scaffolding for the components needed for vRNA 

replication and transcription e.g. stress granules (Pattabiraman et al., 2020; 
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Ramanathan et al., 2007). The stress granules act a source of 5’ mRNA caps for 

TULV transcription resulting in increased viral protein production, as suggested by 

Davies et al. (2020). The increased production of viral mRNA allows for upregulated 

expression of viral proteins. The translation of M segment mRNA and post-

translational cleavage results in the formation of the glycoproteins Gn and Gc (Löber 

et al., 2001). In late infection, the overexpression of Gn and Gc might result in the 

misfolding and the triggering the UPR within the ER, resulting in the expansion of the 

ER (Li et al., 2005, Shi and Elliott, 2004). 

Clearly the TULV replication system is complex, and this speculative model requires 

further work to determine its validity; but it provides a number of hypotheses that can 

be tested experimentally. Additionally, there are still several questions that need 

answering. For example, does vimentin form around the NP filaments, or does the 

NP filaments form adjacent to vimentin? This could be investigated by disabling 

vimentin (e.g. with acrylamide, β′-iminodipropionitrile, or okadaic acid), and then 

transfecting the cells with NP and determining if the NP forms the same structure in 

the same location. Furthermore, what is the structural layout of the TULV replication 

site? ET could be used to further elucidate the structural details of the TULV 

filamentous structure. ET has been used to study several viral replication 

compartments in situ. For example, ET has been used to image the replication sites 

of flock house nodavirus, SARS-CoV-2 and reovirus to name a few (Ertel et al., 

2017; Klein et al., 2020; Tenorio et al., 2018). In any case, the hypothesis above of 

TULV replication site formation provides a framework for future work.  
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Chapter 4 : 
Treatment of rotavirus infected cells with an aliphatic alcohol 
decreases viroplasm size due to the disruption of liquid-liquid 

phase separation  
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4.1 Rotavirus Introduction 

 

Rotaviruses are non-enveloped, segmented dsRNA viruses that cause severe 

gastroenteritis and are responsible for the majority of paediatric diarrhoeal deaths 

worldwide. In 2016 rotavirus-based diarrhoea was responsible for 128,500 deaths in 

children under five (Burnett et al., 2020, Crawford et al., 2017, Troeger et al., 2018). 

Although rotavirus infections occur globally, they have a greater impact in low-

income countries which bear the highest percentage of infant mortalities (Tate et al., 

2016). Rotaviruses are transmitted via the faecal-oral route, with the majority of 

disease spread occurring directly between infected individuals (Kraay et al., 2018). 

When ingested, rotavirus virions transit through the digestive tract until they reach 

the small intestine where they target mature enterocytes and enteroendocrine cells 

(Amimo et al., 2021). They use their outer capsid proteins to attach to and enter the 

target host cells. Once inside they transit through endocytic pathway before exiting 

and forming viroplasms within the cytoplasm. The viroplasms act as viral factories for 

genome replication and capsid assembly. Once assembled, the progeny virions 

transit through the ER and egress at the plasma membrane, ready to infect other 

neighbouring cells (Patra et al., 2021).  

 

4.1.1 Rotavirus Taxonomy  

 

Rotaviruses belong to the Rotavirus genus, one of 15 within the Reoviridae family of 

viruses (Desselberger, 2014). There are nine different rotavirus species which are 

currently accepted by the ICTV named A to D, and F to J (also known as rotavirus 

groups) which are classified from genomic sequence and antigenic differences in 

VP6 (Johne et al., 2022, ICTV, 2021, Matthijnssens et al., 2012). However, two more 

groups have been proposed (K and L) from rotaviruses isolated from shrews (Johne 

et al., 2022, Johne et al., 2019). The rotavirus A group is of particular interest as it is 

responsible for the majority of infections in children (Parashar et al., 2013).  
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4.1.2 Rotavirus Disease   

 

4.1.2.1 Clinical Characteristics  

 

Rotavirus infection can cause severe, acute gastroenteritis and is especially 

prevalent in children, with rotavirus species A in particular being responsible for the 

majority of paediatric infections (Parashar et al., 2013). The onset of rotavirus 

disease is typically associated with vomiting and fever, with watery, non-bloody 

diarrhoea following over the next day or two. Within three to seven days the 

remaining gastrointestinal symptoms should be over (Parashar et al., 2013). Other 

less frequent symptoms can include signs of central nervous system disease, 

presenting as encephalitis and benign convulsions (Dickey et al., 2009). Although 

rotavirus infection can lead to severe diarrhoea, it can also cause asymptomatic or 

mild gastroenteritis. Disease symptoms and severity can be dependent upon patient 

age, with children younger than one month being frequently asymptomatic as a 

result of protection from the maternal antibodies gained from breast milk or the 

placenta (Haffejee, 1991, Haffejee et al., 1990). Symptomatic cases typically start in 

children older than three months, with the peak incidence occurring in children 

between 4 and 23 months of age (Raúl Velázquez et al., 1993, Crawford et al., 

2017). Reinfection with rotavirus is a frequent occurrence with immunity not 

protecting against reinfection. However, subsequent infections are associated with 

less severe symptoms (Bishop et al., 1983). As a result, adults who are infected with 

rotavirus can either be asymptomatic, or present mild symptoms such as nausea, 

headaches, malaise, diarrhoea, fever, and abdominal cramps. Individuals who are 

elderly, travellers, or immunocompromised are at risk of more severe or even chronic 

illness (Anderson and Weber, 2004).  

 

4.1.2.2 Rotavirus Pathology 

 

The first step in rotavirus pathogenesis is the navigation of the host digestive tract to 

reach target cells. The digestive system is a hostile environment to transit, 

encompassing mechanical, mucosal, enzymatic, antibody, and acidic stressors 

which all aim to inhibit and destroy invading pathogens (Santaolalla et al., 2011, 

Coates et al., 2019, Smith, 2003). To combat this, rotaviruses have a triple layered 

capsid which provides stability and helps to prevent inactivation when on route to the 

small intestine. The outermost capsid layer is particularly stiff and resistant to stress, 
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providing protection whilst the particle travels through the digestive tract (Jiménez-

Zaragoza et al., 2018). In addition to their outermost capsid, research has found that 

rotaviruses egress from cells within extracellular vesicles. These vesicles contain 

clusters of rotavirus, and are shed in the stool of infected animals. The vesicles aid in 

rotavirus infection of cells by delivering a large number of infectious virions to the cell 

surface, and by also shielding the viruses from the digestive system (Santiana et al., 

2018). Rotaviruses attach to and replicate primarily within mature enterocytes and 

enteroendocrine cells within the small intestine (Lundgren and Svensson, 2001, 

Amimo et al., 2021). Viral attachment and subsequent entry is facilitated by the outer 

capsid viral proteins VP4 and VP7. The rotavirus VP4 spike protein is proteolytically 

cleaved by trypsin-like proteases of the gastrointestinal tract, allowing it to attach to 

host cells through its V8* and V5* domains (Li et al., 2017).  

Once rotavirus has entered the cell and begun viral replication, it starts inducing 

rotavirus gastroenteritis. This is achieved by several known mechanisms. The first 

way that rotavirus triggers diarrhoea is by directly damaging the intestinal border 

(Crawford et al., 2017). Rotavirus damages the intestinal wall by infecting and killing 

enterocytes located there, resulting in the injury and loss of microvilli and villi. 

Additionally, infected enterocytes show signs of stress, losing their brush border 

enzymes and possess swollen ER and mitochondria (Omatola and Olaniran, 2022). 

The damage to the intestinal lining prevents the absorption of electrolytes, fluid, and 

nutrients. This in turn changes the osmotic balance within the intestine, resulting in 

the movement of water into the intestinal lumen and subsequent diarrhoea. The 

severity of diarrhoea can be further increased via crypt cell hyperplasia, where an 

increase in the secretory cells leads to further fluid loss (Colbère-Garapin et al., 

2007). Another way in which rotavirus can trigger diarrhoea is through the rotavirus 

enterotoxin NSP4. The NSP4 protein in rotavirus infected cells acts as a viroporin 

(viral ion channel) in the ER, transporting ER Ca2+ into the cytosol (Hyser et al., 

2010, Tian et al., 1995). Increases in intracellular Ca2+ concentration triggers the 

Ca2+ activated chloride channels which pump Cl- ions into the intestinal lumen 

(Omatola and Olaniran, 2022, Chang-Graham et al., 2019, Das et al., 2018). The 

movement of Cl- ions into the intestinal lumen further disrupts the osmotic balance, 

drawing more water into the lumen and contributing to the watery diarrhoea (Das et 

al., 2018). The increase is intracellular Ca2+ concentrations by NSP4 can additionally 

enhance diarrhoea through the activity of serotonin. Serotonin is secreted by 

enteroendocrine cells as a response to elevated Ca2+ levels, activating the enteric 

nervous system (Hagbom et al., 2011). The activation of the enteric nervous system 

enhances intestinal motility which is associated with the onset of diarrhoea (Bialowas 

et al., 2016).  
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4.1.2.3 Diagnosis, Treatment, and Prevention  

4.1.2.3.1 Diagnosis 

Rotavirus-based disease is indistinguishable from other pathogenic diarrhoeal 

diseases (e.g. enteric adenovirus, norovirus, Escherichia coli, etc.). However, certain 

factors such as seasonality can be used to differentiate between rotavirus and other 

pathogens. For example, if a child shows signs of diarrhoeal illness during winter in a 

non-equatorial region, it will likely be due to rotavirus or norovirus infection (Crawford 

et al., 2017). For a more objective diagnosis, a laboratory test can be requested by 

the physician. An ELISA test can detect rotavirus within faecal samples, and RT-

PCR can be used to pick up viral genomic material for vaccine or epidemiological 

studies. RT-PCR analysis has a higher degree of sensitivity when compared to 

ELISA testing and can be used to genotype viral isolates (Parashar et al., 2013). 

Moreover, the concentration of vRNA being shed directly corresponds to the severity 

of rotavirus disease in children (Kang et al., 2004). 

4.1.2.3.2 Treatment 

Dehydration as a result of rotavirus-associated diarrhoeal disease is severe and can 

be life threatening (especially in young children) (Carlson et al., 1978). 

Consequently, treatment of rotavirus-based illness focuses on rehydrating patients 

orally or intravenously (Parashar et al., 2013). Fluid replacement is achieved through 

the use of oral rehydration solution which is a mix of water, glucose, and salt. The 

glucose and sodium is absorbed by the small intestine via sodium-glucose linked 

transporters, and the water follows the sodium (King et al., 2003). Besides 

rehydration, other areas of treatment can include electrolyte and dietary 

management, anti-emetics, probiotics, antiviral, and antisecretory drugs (Crawford et 

al., 2017).  

4.1.2.3.3 Prevention  

Vaccination is the best way to prevent the severe gastroenteritis caused by rotavirus 

infection (Velasquez et al., 2018). Two live attenuated oral vaccines against rotavirus 

have been licenced since 2006, Rotarix (by GlaxoSmithKline) and RotaTeq (by 

Merck) (Tate et al., 2012, Burnett et al., 2020, Clark et al., 2019). In 2009, the World 

Health Organisation advised that a live oral rotavirus vaccine should be incorporated 

into the routine infant immunisation programmes of all countries (WHO, 2007). Since 

then, over a one hundred countries have introduced rotavirus vaccinations into their 

immunisation programs (Burnett et al., 2020). The use of the rotavirus vaccine has 
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resulted in a 40 % decrease in child (younger than 5) hospital admissions for 

rotavirus disease, and global annual deaths have decreased by 25 % (Tate et al., 

2016, Burnett et al., 2017, Aliabadi et al., 2019). Prior to the introduction of vaccines, 

rotavirus-related gastroenteritis was responsible for 453,000 deaths in children under 

five in 2008. Of the 453,000 deaths, over 50 % occurred in just five countries 

(Pakistan, India, Nigeria, Ethiopia, and the Democratic Republic of Congo) (Tate et 

al., 2012). Despite the vaccination program dramatically reducing the annual number 

of deaths, the reduction in mortality rate was lower than expected (Burnett et al., 

2020). This is due to effectiveness of rotavirus vaccination being sub-optimal in low-

income countries (Velasquez et al., 2018). It was found that the vaccines were more 

effective in countries with low-child mortality, and less effective in countries with 

higher rates (Clark et al., 2019). The reason for this difference in vaccine efficacy is 

unknown, however possible factors could include seasonality, microbiome, and 

maternal antibodies. It was found that administering additional vaccine doses and 

adjusting vaccine schedules slightly improved immunogenicity, but it might not be 

cost-effective for low-income countries (Velasquez et al., 2018).  

 

4.1.3 Rotavirus Epidemiology 

 

4.1.3.1 Transmission 

 

The main transmission route of rotavirus infection is via the faecal-oral route from 

person-to-person, or through contact with contaminated water. This occurs primarily 

due to the large concentration of rotavirus found within with the stools of individuals 

suffering from rotaviral diarrhoea (Kraay et al., 2018). Elevated viral shedding 

combined with the low infectious dose increases the transmission of the disease 

(Ward et al., 1986). Typically, transmission in households and through fomites is 

considered to be a greater source of spread when compared to the indirect 

transmission from contaminated water (Kraay et al., 2018, Dennehy, 2000). 

However, waterborne transmission is likely to be more of a factor in populations that 

have slow-moving or standing water sources, and may play a role in initiating 

outbreaks which are sustained by direct transmission (Kraay et al., 

2018).Additionally, hospital and care settings fomites can play a significant role in 

rotavirus transmission (Butz et al., 1993, Ganime et al., 2016). Rotavirus 

transmission through fomites can be particularly problematic due to its perseverance, 

as the virus is able to survive on fomites for over two months (Boone and Gerba, 
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2007). Furthermore, there have even been reports of animal to human transmission 

in group A rotaviruses, and animals may act as a source genetic diversification for 

human rotaviruses via reassortment (Martella et al., 2010, Midgley et al., 2012).  

 

4.1.3.2 Geographical Distribution  

 

Although rotavirus disease is found globally, it has a large impact on low to middle 

income countries. Of the rotavirus fatalities in 2013, more than 90 % occurred in 72 

low-income to low-middle-income countries, with 56 % of deaths occurring in the 

sub-Saharan region. The country with the largest number of estimated rotavirus 

deaths was India, accounting for over one fifth of rotavirus deaths in 2013 (Tate et 

al., 2016). Besides sub-Saharan Africa, the Eastern Mediterranean region is also an 

area in which rotavirus disease is prevalent. The Eastern Mediterranean region 

contains a diverse mixture of low and high income countries and is of interest in 

relation to rotavirus mortality rates. Additionally, lower-income countries such as 

Pakistan, Afghanistan, Sudan, Somalia and Yemen have a higher rotavirus mortality 

rate when compared to their higher income neighbours (Khoury et al., 2011, Badur et 

al., 2019). Furthermore, seven countries in the Middle East region (Egypt, Lebanon, 

Syria, Tunisia, Somalia, Iran and Oman) have not utilised the rotavirus vaccine in 

their vaccination programs, with three of them having no available rotavirus vaccines 

(Iran, Syria, and Somalia) (Badur et al., 2019). In conclusion, although rotavirus 

disease is found globally, low to middle-low income countries bear the brunt of the 

disease burden. Better disease surveillance in countries with vaccination programs, 

and the introduction of rotavirus vaccination programs in countries without them are 

needed to help mitigate the disease impact (Badur et al., 2019).  

 

4.1.4 Rotavirus Structure 

 

Rotavirus virions consist of a complex, icosahedral triple-layered protein capsid that 

encompasses a dsRNA genome which is comprised of 11 separate segments 

(Figure 4.1, A, C and D). The rotavirus capsid is ~80-100 nm in diameter, possesses 

no outer lipid envelope and is studded with protein projections (Matthijnssens et al., 

2010, Long and McDonald, 2017, Boudreaux et al., 2015). The wheel-like 

appearance of the rotavirus capsid forms the basis of its naming, with the Latin word 

for wheel being ‘rota’ (Crawford et al., 2017). The outermost layer is constructed out 

of VP7 which is studded with 60 VP4 spike trimers. The VP4 spike possesses the 
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VP8* and VP5* domains which are involved in cell attachment and entry (Figure 4.1, 

B).The next layer contains VP6, and the final core layer comprising of a thin VP2 

shell (Settembre et al., 2011, Li et al., 2009, Boudreaux et al., 2015). Within the 

capsid, the vRNA genome is encased alongside VP1 (viral RdRp) and VP3 (vRNA 

capping enzyme) (Boudreaux et al., 2015). The VP2 shell is bound to VP1 and VP3 

which together, form a heterodimer located beneath each of the five-fold VP2 

vertices (Prasad et al., 1996, Estrozi et al., 2013).  
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Figure 4.1: A schematic representation of the rotavirus virion.  

(A) A cross-section of the rotavirus triple-layered capsid, consisting of an outer capsid shell of 
VP7, studded with the VP4 spike protein. The middle capsid layer consists of VP6, and the final 
innermost layer is comprised of VP2. The dsRNA genome found in the center has eleven 
segments. This figure was created with BioRender and is based upon figure 1, a by Crawford et 
al. (2017). (B-D) a cryo-EM structure of the rotavirus capsid, showing a close up of the VP4 
spike protein (B), an outer view of the whole capsid (C), and a cross-section of the inside of a 
capsid (D). Figure adapted from figure 1, Eren et al. (2016). 
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4.1.5 Rotavirus Genome  

 

Rotaviruses have a dsRNA segmented genome that consists of ~18,500 bp 

(Desselberger, 2014). The rotavirus dsRNA genome consists of 11 separate 

segments that encodes 12 proteins (Figure 4.2). The 12 proteins are split into 6 non-

structural proteins (NSP1 to NSP6), and six structural viral proteins (VP1 to VP4, 

VP6, and VP7 (Crawford et al., 2017). In rotavirus A strains, VP1 to VP4 are 

encoded by the RNA segments 1, 2, 3, and 4, respectively. VP6 and VP7 are 

encoded by segments 6 and 9. Segments 5, 7, 8, and 10 encode for NSP1, NSP2, 

NSP3, and NSP4, respectively. All of the genes encode for one protein, except for 

segment 11 which encodes for two (NSP5 and NSP6).  
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4.1.6 Rotavirus Replication Cycle 

 

The rotavirus replication cycle starts with the attachment of rotavirus to small 

intestinal epithelial and enteroendocrine cells (Figure 4.3). Rotavirus facilitates 

attachment and entry with VP7 and VP4 by binding to several host cell receptors, 

triggering endocytic entry (Sun et al., 2021). Once internalised, rotavirus passes 

Figure 4.2: A simplified representation of the rotavirus A segmented, 
double-stranded RNA genome.  

The rotavirus A genome consists of eleven separate RNA segments which 
encode 6 non-structural proteins (NSP) 1 – 6, and six structural proteins (VP) 1 - 
4, and 6 – 7. Each segment encodes for one protein, except for segment 11 
which encodes for two. This figure was created using BioRender and is based 
upon figure 1 by Desselberger (2014). 
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through the endosomal system before uncoating into the cell cytoplasm, shedding its 

outermost capsid layer in the process (Patra et al., 2021). Once within the cellular 

cytoplasm, rotaviruses form a viroplasm with NSP2 and NSP5 which act as sites of 

combined viral genome replication and capsid assembly (Papa et al., 2021). A 

double-layered particle (DLP) is produced within the viroplasm containing the 11 

segmented dsRNA genome. This DLP exits the viroplasm and buds into the ER 

membrane, which is studded with NSP4, acquiring a temporary outer membrane 

(Crawford et al., 2019). NSP4 facilitates the acquirement of the final capsid layer 

consisting of VP4 and VP7 which encompasses the DLP, forming a triple-layered 

particle (TLP) (Martínez et al., 2022). The TLP then exits the ER, and egresses from 

the cell lytically or non-lytically (Doyle and Wang, 2019, Santiana et al., 2018). 
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Figure 4.3: A schematic representation of the rotavirus replication cycle.  

Rotaviruses employ several receptors to attach onto host cells (1). Once attached, 
rotavirus then interacts with co-receptors to facilitate entry via endocytosis (2). The 
endocytic entry can be clathrin-dependent (2a) or clathrin-independent (2b), depending 
upon the rotavirus strain. The rotavirus virion is then internalized within an endosome 
where early penetration rotaviruses strains exit the early endosomes (EE) independently 
of pH, whereas late penetration rotavirus strains exit the mature endosome (ME) or late 
endosomes (LE) in a pH dependent manner. The uncoating resuls in the loss of the 
outermost capsid layer as the now double-layered particle (DLP) enters the cytoplasm (3). 
The rotavirus genome is then transcribed to form positive stranded viral mRNA within the 
DLP (4a). The viral mRNA strand then leaves the DLP to be translated by host ribosomes 
(4a), or travels to the viroplasm to form the viral double-stranded RNA genome (4b). The 
viroplasm is a viral membraneless factory formed in the cytoplasm of infected cells, which 
acts the site of viral genome replication and viral capsid assembly. Viral capsid assembly 
within the viroplasm (5) occurs at the same time as viral genome replication, resulting in 
the formation of a DLP around the newly formed viral genome. The newly formed DLP 
then exits the viroplasm and enters the endoplasmic reticulum (ER). The DLP buds into 
the ER membrane which is coated with the non-structural protein (NSP) 4, forming a 
temporary NSP4 studded envelope around the DLP. NSP4 aids in the assembly of the 
outer capsid layer (6). In the process of forming the triple-layered particle (TLP), the ER-
derived envelope and NSP4 is removed. Finally, the TLP exits from the host cell via either 
lysis (7a), or non-lytically via an extracellular vesicle (7b). This figure was created 
BioRender and is based upon figure 1 by Patra et al. (2021), figure 4 by Crawford et al. 
(2017) and figure 1 by Arias et al. (2015). 
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4.1.6.1 Attachment  

 

The attachment of rotavirus to small intestinal enteroendocrine and mature 

enterocytes is facilitated by the rotavirus outer capsid proteins VP4 and VP7 

(Venkataram et al., 2014). The rotavirus spike protein VP4 is proteolytically cleaved 

by trypsin-like proteases within the gastrointestinal tract into its VP8* and VP5* 

domains (Arias et al., 2015). The VP8* domain of VP4 is involved in cell attachment, 

whereas the VP5* and the outermost capsid protein VP7 enable entry (Arias et al., 

2015). Several host factors such as histo-blood group antigens, sialic acids (SAs), 

heat shock cognate protein (hsc70), and integrins have all been associated with 

rotavirus attachment and entry (Arias et al., 2015, Guerrero et al., 2000). 

Additionally, different rotavirus strains have different required entry receptors, 

although the subject is complex (Guerrero et al., 2000).  

 

4.1.6.2 Entry  

 

After rotavirus particles have attached to the cell surface glycans, they then bind to 

co-receptors for the post-attachment stage (Venkataram et al., 2014). At this stage, 

the virus is believed to target integrins (e.g. α2β1, αXβ2, and αVβ3) and hsc70 to 

initiate entry (Lopez and Arias, 2006, Patra et al., 2021). There is some rotavirus-

strain based variance in the entry process. For example, out of the four rotavirus 

strains tested all of them required hsc70 to enter cells, with only particular strains 

needing integrins (Gutiérrez et al., 2010). Other cell surface molecules that have 

been implicated in rotavirus cell entry are the tight junction proteins JAM-A, occludin, 

and ZO-1 (Torres-Flores et al., 2015). Gangliosides have also been implicated in 

rotavirus entry as well as attachment. Four different representative rotavirus strains 

were tested against cells with inhibited ganglioside synthesis, with a decrease in 

rotavirus infection seen in all four strains. Of note, the inhibition of ganglioside 

synthesis had no effect on rotavirus attachment (Martínez et al., 2013). Presently, it 

is unknown whether all of these cell surface molecules are involved in rotavirus entry 

in a sequential manner or individually, with more research needed to confirm the 

specific mechanisms and chronology (Arias et al., 2015, Patra et al., 2021). 

Once rotavirus has attached to the cell surface and triggered the relevant co-

receptors, it enters the cell via endocytosis (Arias et al., 2015). Again, rotavirus strain 

variation affects cell entry, with different rotavirus strains utilising different endocytic 

pathways (Gutiérrez et al., 2010). Most of the tested rotavirus strains have been 
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found to enter cells via clathrin-mediated endocytosis, with other rotavirus strains 

(e.g. simian) using a caveolin and clathrin independent endocytosis mechanism 

(Silva-Ayala et al., 2013). Cell surface receptor tropism in rotaviruses does not define 

the endocytic pathway used, with clathrin-mediated endocytosis being used by both 

sialidase-sensitive and resistant strains of rotavirus (Arias et al., 2015, Silva-Ayala et 

al., 2013). Instead, the endocytic pathway used is dependent on VP4, with a single 

amino acid substitution in the VP8* domain of VP4 switching the endocytic entry 

route (Díaz-Salinas et al., 2014). Despite the different endocytic entry mechanisms, 

all rotaviruses end up in early endosomes as they enter the cell (Patra et al., 2021). 

The entry of rotavirus via early endosomes was confirmed due to the dependency of 

rotavirus infection on endosomal machinery (Rab5, EEA1, and ESCRT) (Silva-Ayala 

et al., 2013, Díaz-Salinas et al., 2014, Wolf et al., 2012).  

 

4.1.6.3 Uncoating 

 

Once the rotavirus virion has trafficked to the mature endosome, there is another 

rotavirus strain-based divergence. Certain rotavirus strains exit the endosomal 

system at the mature endosome (early penetration [EP]), whereas other strains 

progress into the late endosome (late penetration [LP]). Whether the rotavirus virion 

exits the endosomal system in the mature, or late endosome is dependent upon 

interactions with Rab7 (Silva-Ayala et al., 2013, Díaz-Salinas et al., 2014, Arias et 

al., 2015). Rab7 is a Rab GTPase that is responsible for the maturation of 

endosomes into late endosomes (Elbaz-Alon et al., 2020). Therefore, if a rotavirus 

strain is reliant upon Rab7 for its successful infection, it suggests that it traffics into 

the late endosome before releasing into the cytoplasm. Of the LP rotaviruses that 

travel to the late endosomes, further host factors are involved in their infectivity. Host 

GTPase Rab9a, cation-dependant mannose-6-phosphate receptors (CD-M6PR), 

and the cysteine cathepsins B, L, and S are all implicated in the majority of LE 

rotavirus infectivity (Díaz-Salinas et al., 2014). The CD-M6PR is responsible for 

trafficking lysosomal enzymes (such as cysteine cathepsins) from the Golgi to the 

endosome, and the Rab9a GTPase recycles CD-M6PR back to the Golgi (Bohnsack 

et al., 2009, Nottingham et al., 2012). The cysteine cathepsins are proteases that are 

active in low pH environments (such as the late endosome) (Turk et al., 2012). It was 

hypothesised by Arias et al. (2015) that rotavirus needs the cysteine cathepsin 

proteases to cleave the outer capsid. This releases the DLP into the cytoplasm in a 

manner similar to what other viruses use the cysteine cathepsins for.  
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4.1.6.4 Genome Transcription, Translation, and Replication  

 

4.1.6.4.1 Transcription 

Rotavirus transcription is initiated by the VP1 RdRp within the DLP, which produces  

(+) ssRNA from each of the eleven vRNA genome segments. To achieve this, first 

VP1 must separate the dsRNA genome through the helicase activity of the RdRp N-

terminal, which recognises the cap-binding site of the 5’ (+) RNA strand (Ding et al., 

2019). Next, the RdRp binds to the separated (-) RNA strand mediated by 

interactions with its ssRNA recognition site and uses it as a template for viral 

transcription. The newly synthesised (+)RNA is then separated from the (-)RNA 

template through the helicase activity of the RdRp C-terminal ‘bracelet’ region (Ding 

et al., 2019). The template (-)ssRNA strand undergoes a U-turn back into the capsid 

where it reanneals with the original (+) ssRNA strand (Lawton et al., 2000, Long and 

McDonald, 2017, Ding et al., 2019). For viral mRNA translation and genome 

replication to occur, the mRNA strands must first leave the DLP via aqueous pores 

found at each of the capsids five-fold vertices (Lawton et al., 1997). The binding of 

VP1 RdRp next to these aqueous pores allows the (+) ssRNA transcript to 

immediately leave the capsid post transcription (Ding et al., 2019). The final stage of 

rotavirus transcription is the 5’ capping of the mRNA transcript by the VP3 RNA 

capping enzyme. It was originally believed that VP3 was located in the VP2 capsid 

interior alongside VP1 (Estrozi et al., 2013). However, recent findings from Ding et 

al. (2019) indicate that the VP3 capping enzyme is located outside the cap, near the 

aqueous pore. It was found that it takes 15 minutes for rotavirus transcription to 

occur post infection (Salgado et al., 2017). Once the (+) ssRNA strand has exited the 

DLP, it then travels to either ribosomes for translation, or the viroplasm for genome 

replication by the VP1 RdRp (McDonald et al., 2016, Papa et al., 2021).  

4.1.6.4.2 Translation  

Rotavirus can hijack host translation machinery so efficiently, that by the end of 

infection most of the proteins being produced are viral (López et al., 2016). Rotavirus 

is able to take over host translation through several mechanisms. Firstly, viral mRNA 

is not polyadenylated like host mRNA and instead possesses a 5’ cap which is 

produced by the VP3 capping enzyme (Boudreaux et al., 2015). Rotavirus mRNA 

also has a 3’ consensus sequence consisting of four nucleotides (GACC) which is 

conserved on eleven viral genes (Poncet et al., 1994). The consensus sequence 

acts as a translational enhancer that is recognised by rotavirus NSP3. NSP3 then 

competes with the host poly(A) binding protein (PABP) for eIF4G binding (Gratia et 
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al., 2015). Normally in non-infected cells, host mRNA translation is facilitated by 

PABP which binds to mRNA 3’ polyadenylated tails and eIF4E which binds to the 

mRNA 5’ cap. The mRNA, PABP, and eIF4E complex are joined together through 

the scaffold protein eIF4G to form a circularised mRNA. The complex then recruits 

the necessary components for translation (e.g. 40S ribosomal subunit) (Hao et al., 

2020). NSP3 is able to outcompete PABP for eIF4G as it has a higher affinity for the 

host eIF4G than PABP (Deo et al., 2002). NSP3 is additionally able to sequester 

PABP in the host nucleus by interacting with the host Rotavirus X protein associated 

with NSP3, further reducing host translation (Harb et al., 2008). Therefore, NSP3 

preferentially promotes viral translation over host translation (López et al., 2016).  

4.1.6.4.3 Viroplasms 

Viroplasms are discrete cytoplasmic aggregates which are ~0.1- 5 μm in diameter 

and possess no membranes. Viroplasms act as viral factories, responsible for 

concentrating the elements needed for dsRNA replication and capsid assembly 

(Eichwald et al., 2004, Papa et al., 2021). The rotavirus viroplasm is formed from the 

interaction between NSP2 and NSP5. Viroplasm assembly dynamics have been 

studied by fluorescently tagging NSP2 and NSP5. The experiment showed that as 

the infection progresses, the number of viroplasms initially increases and then 

begins to decrease. Alongside the number of viroplasms decreasing, the area of the 

individual viroplasms increases, implying that the viroplasms are combining together 

and aggregating (Eichwald et al., 2004). Studies into NSP2 showed that it forms a 

large octamer which act as a RNA chaperone, and can destabilise RNA helixes, 

implicating its role in vRNA replication (Papa et al., 2021, Bravo et al., 2018, 

Taraporewala and Patton, 2001). However, less is known about the function of 

NSP5, although the inhibition of NSP2 or NSP5 does inhibit viroplasm formation 

(Papa et al., 2019a).  

In addition to interacting with viral components, viroplasms also interact with cellular 

elements such as lipid droplets, microtubules, stress granules and P bodies (Papa et 

al., 2021). Lipid droplets are storage organelles involved in energy homeostasis, and 

their inhibition or upregulation has been found to decrease or increase the number 

and size of viroplasms, respectively (Olzmann and Carvalho, 2019, Cheung et al., 

2010, Gaunt et al., 2013). Furthermore, rotavirus has been found to remodel host 

stress granules and P bodies, removing selected proteins that inhibit rotavirus 

replication whilst sequestering the remodelled P body and stress granule structures 

within the viroplasm for viral replication (Dhillon and Rao, 2018). Finally, rotavirus 

infection has been found to depolymerise the host microtubule network through 

NSP2, storing the resulting tubulin granules within the viroplasm (Martin et al., 2010). 
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4.1.6.4.4 Genome Replication 

Within the viroplasm, the VP1 RdRp interacts with the VP2 core capsid protein, and 

the (+) ssRNA strand to form the rotavirus replication complex. The rotavirus 

replication complex produces a (-)RNA strand, which anneals to the (+) ssRNA, 

forming the rotavirus dsRNA genome (Boudreaux et al., 2015, Trask et al., 2012, 

Papa et al., 2021, Ding et al., 2019). The resulting dsRNA rotavirus genome is then 

ejected out of the VP1 RdRp, into the proto-capsid (Ding et al., 2019). Currently, the 

process of sorting and packaging the eleven dsRNA genomic segments into the 

capsid is not clearly understood. However, recent findings indicate that sequence-

specific RNA-RNA interactions between the NCRs at the 3’ or  5’ ends of the (+) 

ssRNA segments are involved. Fajardo et al. (2017) found that the rotavirus genome 

segments S9-S11 interacted with each other, and when connections between S10 

and S11 were inhibited with oligoribonucleotides, viral synthesis was inhibited. 

Additionally, the interruption of S10 and S11 interactions did not interfere with protein 

synthesis, implying that the inhibition of viral replication was due to the disruption of 

genome segment sorting and packaging. The RNA-RNA interactions are assisted by 

viral chaperones such as NSP2. NSP2 manages RNA-RNA interactions by 

facilitating sequence specific RNA binding. It also blocks non-specific interactions 

between the different rotavirus genome segments and aids in genome packaging 

(Bravo et al., 2021, Papa et al., 2021). Once NSP2 has assisted in rotavirus genome 

assortment, it is removed from the precursor capsid (Borodavka et al., 2017). In each 

of the proto-capsids, eleven VP1 RdRps produce each of the eleven vRNA genome 

strands in synchrony (Gallegos and Patton, 1989, Long and McDonald, 2017).  

 

4.1.6.5 Assembly 

 

As mentioned above, rotavirus capsids are assembled in tandem with the viral 

genome within the viroplasm. As the viral genome is replicated, the viral capsid is 

assembled around and encases the new genomic vRNA, starting with the VP2 core 

protein (Long and McDonald, 2017, Trask et al., 2012). By isolating the vRNA 

genome inside of the proto-capsid, it is predicted that rotavirus prevents the host 

antiviral detection system from activating (Boudreaux et al., 2015). The intermediate 

capsids that form within the viroplasms are difficult to image by EM due to the 

electron-dense nature of viroplasms, and light microscopy lacks the resolving power 

(Boudreaux et al., 2015). However, through biochemical techniques precursor 

capsids can be separated from the viroplasm. Isolated precursor capsids were found 

to contain VP1-VP3, VP6, and NSP2 (Hu et al., 2012b). Also, these precursor 
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capsids have a variety of sizes and shapes. There were smaller ~30-40 nm diameter 

capsids with smooth borders, and larger ~50-70 nm diameter capsids with rough 

borders. These findings lead to a suggested chronology of rotavirus capsid 

formation, with the smaller, smooth capsids forming the larger, rough capsids, which 

then go on to form DLPs (Long and McDonald, 2017, Gallegos and Patton, 1989).  

As the vRNA genome is replicated, the precursor capsid expands to form the DLP 

with the addition of the intermediate capsid protein VP6, and the removal of NSP2. 

The DLP then exits the viroplasm, budding into the nearby ER where NSP4 is added 

(Trask et al., 2012, Crawford et al., 2019). NSP4 is bound to the ER membrane, and 

so encompasses the now, temporarily enveloped DLP as it enters the ER. This 

occurs through the interaction of the NSP4 C-terminal cytoplasmic tail with the 

intermediate capsid protein VP6, triggering ER-budding  (Taylor et al., 1996). NSP4 

is required for the addition of the outer-capsid proteins VP4 and VP7 which forms the 

TLP once the temporary DLP envelope is removed by a currently unknown 

mechanism (Crawford et al., 2019, Martínez et al., 2022).  

 

4.1.6.6 Egress 

 

Originally, rotaviruses were classed as a purely lytic viruses, lysing and killing cells 

as they escape (Musalem and Espejo, 1985). However, research found that 

rotaviruses in polarised cells egress from the apical cell surface prior to cell lysis 

(Cevallos et al., 2016, Ciarlet et al., 2001). The apical egress of viruses is typically 

associated with the localised dissemination of the virus to neighbouring cells, with 

basolateral egress associated with systemic infection (Cevallos et al., 2016). This fits 

with rotavirus infection, which normally causes localised infection in the small 

intestine. However, rotavirus has been found to spread to other locations (e.g. 

serum, cerebrospinal fluid, liver, kidney, etc.) (Blutt and Conner, 2007, Medici et al., 

2011). The systemic spread of rotavirus is not currently understood, however 

extracellular vesicles have been suggested as a potential mechanism for the spread 

of rotavirus to different locations (Iša et al., 2020).  

Extracellular vesicles are a heterogenous group of lipid structures that are released 

into the extracellular space by cells. Santiana et al. (2018) found clusters of rotavirus 

capsids within extracellular vesicles that were released non-lytically from in vitro 

cultured cells, and were also found in vivo in animal stools. The rotavirus-packed 

vesicles have been implicated in rotavirus spread as they are able to survive faecal-

oral transmission, delivering high MOI packages to host cells. Furthermore, Iša et al. 

(2020) found that rotavirus infection of cultured cells causes a large increase in 
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extracellular vesicle release. These viral vesicles were protected from neutralising 

antibodies and were able to enter cells without the protease cleavage of VP4.  

 

4.1.7 Chapter Aims   

 

Currently, how viroplasms remain separated from the host cytoplasm is not known. 

Viroplasms do not possess an outer-membrane and so it is predicted that they 

remain separate from the cytoplasm through liquid-liquid phase separation (LLPS) as 

was identified in other viral structures (Guseva et al., 2020, Alenquer et al., 2019, 

Heinrich et al., 2018). To test this hypothesis, I treated cells infected with rotavirus 

with the aliphatic alcohol HD at a late time point (12 hpinf). Cells were then processed 

and imaged through TEM to identify any changes in viroplasm structure or number. 

HD is known to disrupt the electrostatic interactions that occur in LLPS interfaces 

(Geiger et al., 2021). Therefore, if viroplasms form through LLPS, HD treatment 

should disrupt them. The work was carried out in collaboration with Alexander 

Borodavka (currently at the University of Cambridge).  
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4.2 Rotavirus Results  

 

4.2.1 The aliphatic alcohol HD has no observed effect on uninfected 
cells 

 

Rotavirus viroplasms are an amalgamation of viral proteins and RNA concentrated in 

discrete locations within the cytoplasm. Despite not being membrane-bound, 

viroplasms exist as a distinguishable entity to the cellular cytoplasm around it. It is 

predicted that this parting from the cytosol is based on LLPS. HD is an aliphatic 

alcohol that interrupts LLPS bonds like a detergent interrupts water-oil separation 

(Geiger et al., 2021). Therefore, if viroplasms are indeed subject to LLPS, treatment 

with HD should alter the viroplasms within infected cells. To ascertain whether HD 

has any effect on rotavirus viroplasms, TEM was used to image rotavirus infected 

cells that had been treated with HD. The late infection time point of 12 hpinf was 

selected so that larger viroplasms could be observed and potentially interrupted with 

HD. The idea being that the difference between untreated and HD treated conditions 

would be greater during late infection when the viroplasms were larger, and their 

subsequent disruption through HD more prominent.  

Mock infected cells (Figure 4.4, A-B) acted as a negative control to be used as a 

comparison for virally infected cells. Mock infected cells were characterised by 

healthy cell ultrastructure with intact cellular membranes and normal organelle 

appearance. There were no visible signs of viral infection or any other anomalous 

result. Similarly, HD treated mock infected cells were also used as a negative control 

to confirm that HD treatment alone had no visible effect on cellular ultrastructure 

(Figure 4.4, C-D). Treated cells were exposed to 4 % (v/v) HD ~30 seconds prior to 

fixation and TEM sample preparation. During TEM embedding, resin was initially 

mixed slowly by hand to prevent bubble formation in previous attempts. This lead to 

the accidental failure to adequately mix the resin and the loss of samples. 

Consequently, I changed the protocol  for all of the micrographs below to allow for 

thorough mixing via vortexing and subsequent bubble removal via centrifugation. 

Originally resin was left to infiltrate into samples over one day, however the time was 

extended for rotavirus samples. This improved the infiltration and reduced the 

number of bubbles seen in sections (e.g. inside capsids). Finally, prepared aliquots 

of lead citrate were formally not filtered prior to use. However, lead citrate 

precipitation occasionally appeared on imaged sections, so I started to filter aliquots 

prior to use for TULV experiments. This reduced but did not eliminate completely the 

appearance of lead citrate precipitation. The imaged HD treated mock infected cells 
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possessed normal cell architecture indistinguishable from the mock infected cells 

above. 
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Figure 4.4: Rotavirus mock infected cells and HD treated, mock infected cells. 

MA104 cells were mock infected with rotavirus and incubated for 12 hpinf (A-B), a separate 
group of mock infected cells were then treated with 4 % (v/v) hexanediol (HD) for ~ 30 
seconds (C-D). Following incubation, cells were processed for TEM. Micrographs A-B and 
C-D are two different cells, with higher magnification images being shown sequentially on 
the right. The nucleus (Nu), mitochondria (Mi), and rough endoplasmic reticulum (RER) 
are labelled accordingly. Scale bars for the two lower magnifications represent 1 μM. The 
highest magnification scale bar represents 500 nm.    
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4.2.2 Rotavirus kills all WT MA104 cells at 12 hpinf 

 

To investigate the effect of HD on rotavirus viroplasms I first needed to identify 

viroplasms in untreated, infected cells. MA104 cells were infected with rotavirus at an 

MOI of 1 and incubated until 12 hpinf. The time point of 12 hpinf was selected as a 

time point due to viroplasms being larger at late infection (12 hpinf) (Eichwald et al., 

2012). Therefore, increasing the chances of identifying viroplasms. At 12 hpinf, wild 

type (WT) MA104 cells infected with rotavirus showed signs of extreme CPE (Figure 

2.2.3). Of the 34 cells imaged, all of the cells were dead and showed signs of viral 

infection. Cell death was confirmed by damaged cellular and nuclear membranes 

which resulted in low cytoplasmic density and loss of nuclear chromatin. Cell 

damage was so severe that the majority of the cytoplasmic contents were lost. Often 

only the nucleus remained, with broken membrane vesicles clinging to or adjacent to 

the nuclear membrane. Of note, clusters of numerous rotavirus capsids could be 

seen in fragmented membranous vesicles around nuclei (Figure 4.5, A-D) or alone 

(Figure 4.5, E-F). The rotavirus capsids have a central, electron-dense punctum, 

which corresponds to the vRNA core, and an outer ring, corresponding to the capsid 

coat. Two different sizes of viral capsid can be seen in figure 4.5, B and D. The 

larger of the two has an outer membrane derived from the RER, whereas the smaller 

capsids will either be DLP or TLP depending on whether they are in the cytoplasm or 

RER (respectively) (Trask et al., 2012). The fact that the rotavirus capsids are 

clustered in a vesicular membrane and the presence of membrane-bound capsids, 

indicates that these capsids are within the RER, the final stages of the rotavirus life 

cycle. In conclusion, 12 hpinf is too late to image cells with viroplasms due to the 

rotavirus induced CPE.  
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Figure 4.5: 12 hpinf rotavirus infected WT cells result in cell death. 

WT MA104 cells were infected with rotavirus and incubated for 12 hpinf. Following 
incubation, cells were processed for TEM. Micrographs A-B, C-D, and E-F are the 
remains of three different cells, with higher magnification images being shown 
sequentially on the right. The nucleus (Nu), rotavirus capsids (C), RER membranes (>), 
membrane-bound capsids (white arrowhead), and DLPs/TLPs (yellow arrowhead) are 
labelled accordingly. Scale bars for the two lower magnifications represent 1 μM. The 
highest magnification scale bar represents 500 nm.    
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Next, to investigate the effect of HD treatment on rotavirus viroplasms, MA104 cells 

were infected with rotavirus, and then treated with HD for ~30 seconds at 12 hpinf 

prior to fixation for TEM. Despite there being no living WT cells infected with 

rotavirus at 12 hpinf (Figure 4.5), living cells were present in the HD treated condition 

(Figure 4.6). Of the 32 HD treated cells imaged, 50 % of the cells were alive. All of 

the viable cells showed signs of CPE, such as poor membrane integrity and irregular 

cytoplasmic density. Within the cytoplasm of the living cells viewed, viruses and 

viroplasms can be seen. The majority of viruses appeared in membrane bound 

clusters as described above (Figure 4.5), often with large electron dense viroplasms 

found adjacent. The viroplasms had a round, granular appearance with a round or 

lobed surface. Unfortunately, due to there being no viroplasms identified in WT cells 

infected with rotavirus at 12 hpinf, comparisons cannot be made regarding viroplasm 

morphology in treated and untreated cells. 

The discrepancy in cell death seen between untreated and HD treated cells at 12 

hpinf is unexpected. Although the HD treated cells were clearly close to death (e.g. 

poor membrane integrity), the cells were still more intact when compared to the 

untreated cells. The most obvious cause of the difference in cell death rate is HD 

treatment. However, this is unlikely as the cells were treated with HD immediately 

prior to fixation and processing for cellular TEM. It is improbable that the HD 

disruption of viroplasm and rotavirus replication explains the lower death rate as the 

cells would likely have been dead from viral infection prior to treatment. The next 

possible cause of the difference in cell death is due to the TEM sample processing. 

Artifacts are a common issue in TEM and there are several steps when processing 

cells that can create cellular artifacts (Ayache et al., 2010, Varga et al., 2020). 

However, the first step in TEM cell processing is fixation which stops cell 

metabolism, fixes organelles and stabilises cell material for later processing (Wisse 

et al., 2010b). If the fixation was successful, it would prevent cells from deteriorating 

after this. Although I cannot rule out suboptimal fixation (e.g. from poor fixative 

infiltration), both conditions were processed for the TEM in parallel, so any artifacts 

that occurred to one would likely appear in the other. Finally, there is the possibility 

that issues occurred during viral infection, where a possible inconsistency in MOI or 

viral incubation time could result in higher levels of cell death in the untreated 

condition (López et al., 2011). Although I cannot pinpoint the exact cause of the 

difference in cell viability between HD treated and untreated cells, it is likely down to 

human error.    
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Figure 4.6: 12 hpinf rotavirus infected WT cells treated with HD  

WT MA104 cells were infected with rotavirus, incubated for 12 hpinf and then treated with 4 % 
(v/v) hexanediol (HD) for ~30 seconds. Following incubation, cells were processed for TEM. 
Micrographs A-B, C-D, and E-F are three different cells, with higher magnification images 
being shown sequentially on the right. The nucleus (Nu), viroplasms (Vi), rotavirus capsids (C), 
and RER membranes (>) are labelled accordingly. Scale bars for the two lower magnifications 
represent 1 μM. The highest magnification scale bar represents 500 nm.    
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4.2.3 Rotavirus is less cytopathic when infecting MA-NSP5-EGFP cells 
than WT MA104 cells at 12 hpinf 

 

To assess the effect that HD has on rotavirus viroplasms I would need to be able to 

image viroplasms from both treated and untreated cell lines. Untreated WT cells 

infected with rotavirus and imaged at 12 hpinf were all dead (Figure 4.5), therefore 

the experiment would have to be modified to incorporate this. Adding GFP-tags to 

viral proteins can reduce viral infectivity and can allow for the tracking of viroplasm 

formation via live FM (Zheng and Kielian, 2013, Costantini and Snapp, 2015, Geiger 

et al., 2021). Our collaborator possessed an MA104 cell line that expressed GFP-

tagged NSP5 (MA-NSP5-EGFP). The GFP-tagged NSP5 remains evenly distributed 

in the cytoplasm of noninfected cells but localises to the viroplasm in rotavirus 

infected cells (Papa et al., 2019a, Eichwald et al., 2004). The MA-NSP5-EGFP cells 

when infected with rotavirus were observed to have slower viral life cycles when 

compared to the WT MA104 cells infected with rotavirus (Eichwald et al., 2004, Papa 

et al., 2019a).   

As the MA-NSP5-EGFP cells were a new cell line, new negative controls were 

created. Mock infected MA-NSP5-EGFP cells (Figure 4.7, A-B) acted as a negative 

control to be used as a comparison for virally infected cells. Mock infected cells were 

characterised by healthy cell ultrastructure with intact cellular membranes and 

normal organelle appearance. There were no observed signs of viral infection or any 

other anomalous result. Similarly, HD treated MA-NSP5-EGFP mock infected cells 

were also used as a negative control comparison to confirm that HD treatment alone 

had no visible effect on cellular ultrastructure (Figure 4.7, C-D). Treated cells were 

exposed to 4 % (v/v) HD ~30 seconds prior to fixation and TEM sample preparation. 

HD treated mock infected cells possessed normal cell architecture indistinguishable 

from the mock infected cells above. 

MA-NSP5-EGFP cells infected with rotavirus and imaged at 12 hpinf were markedly 

healthier than the WT MA104 cells infected with rotavirus. These cells possessed 

intact cellular membranes and a normal (to the control) cytoplasmic density (Figure 

4.8). Numerous viroplasms were observed in the cytoplasm of infected cells, with 

55% of the 58 cells imaged having at least one viroplasm and signs of viral infection. 

Viral features such as capsid clusters and viroplasm positioning was the same as for 

the HD treated, rotavirus infected WT MA104 cells at 12 hpinf (Figure 4.6). Of note, 

two different viroplasm morphologies were observed, one electron-dense and the 

other electron-lucent (Figure 4.8, D). The area of the viroplasms was calculated 

using ImageJ to establish whether HD treatment altered viroplasm size. The mean 
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area of the 185 viroplasms imaged in untreated cells at 12 hpinf was 0.180 µm2 +/- 

0.368 µm2. In summary, the rotavirus life cycle in MA-NSP5-EGFP cells appears to 

be less virulent than in the WT MA104 cells when imaged at 12 hpinf, allowing for 

viroplasms to be analysed.  
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Figure 4.7: Rotavirus mock infected MA-NSP5-EGFP cells and HD treated, mock infected 
MA-NSP5-EGFP cells. 

MA-NSP5-EGFP cells were mock infected with rotavirus and incubated for 12 hpinf (A-B), a 
separate group of mock infected MA-NSP5-EGFP cells were then treated with 4 % (v/v) 
hexanediol (HD) for ~ 30 seconds (C-D). Following incubation, cells were processed for TEM. 
Micrographs A-B and C-D are two different cells, with higher magnification images being shown 
sequentially on the right. The nucleus (Nu), mitochondria (Mi), and rough endoplasmic reticulum 
(RER) are labelled accordingly. Scale bars for the two lower magnifications represent 1 μM. The 
highest magnification scale bar represents 500 nm.  
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Figure 4.8: 12 hpinf rotavirus infected MA-NSP5-EGFP cells have viroplasms that can be 
analysed. 

MA-NSP5-EGFP cells were infected with rotavirus and incubated for 12 hpinf. Following 
incubation, cells were processed for TEM. Micrographs A-B, C-D and E-F are three different 
cells, with higher magnification images being shown sequentially on the right. The nucleus 
(Nu), mitochondria (Mi), viroplasms (Vi), rotavirus capsids (C), and RER membranes (>) are 
labelled accordingly. Scale bars for the two lower magnifications represent 1 μM. The highest 
magnification scale bar represents 500 nm.   
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4.2.4 HD treatment of rotavirus infected MA-NSP5-EGFP cells decreases 
viroplasm area at 12 hpinf 

 

To establish whether HD has an effect on rotavirus viroplasms, MA-NSP5-EGFP 

cells infected at 12 hpinf with rotavirus were treated with 4 % (v/v) HD for ~30 

seconds and then prepared for TEM (Figure 4.9). Of the 29 cells imaged, 52 % had 

visible viroplasms and signs of viral infection in the cytoplasm, comparable to non-

HD treatment. The imaged HD treated viroplasms had a morphology 

indistinguishable from viroplasms within untreated, rotavirus infected MA-NSP5-

EGFP cells at 12 hpinf (Figure 4.8). However, the mean area of the 53 viroplasms in 

HD treated cells was 0.0777 µm2 +/- 0.0595 µm2 (measured using ImageJ). 

Therefore the mean viroplasm area in untreated cells at 12 hpinf was larger than in 

12 hpinf HD-treated cells. An independent samples t-Test of log(10) transformed data 

indicated that the viroplasms in 12 hpinf untreated cells were statistically bigger, 

t(236) = 1.97, p = < 0.001 (two-tailed). In conclusion, the treatment of rotavirus 

infected cells with HD may reduce viroplasm area at 12 hpinf. Additionally, as 

mentioned earlier in section 4.2.3 there were electron-dense and electron-lucent 

viroplasm morphologies observed (data not shown). In the rotavirus infected cells, 22 

% (n = 185) of the viroplasms were electron-lucent. Whereas in the rotavirus infected 

cells treated with HD, only 4 % (n = 53) of the viroplasms were electron-lucent. 
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Figure 4.9: HD reduces the size of viroplasms after 12 hpinf in rotavirus infected MA-
NSP5-EGFP cells 

MA-NSP5-EGFP cells were infected with rotavirus, incubated for 12 hpinf and then treated with 
4 % (v/v) hexanediol (HD) for ~30 seconds. Following incubation, cells were processed for 
TEM. Micrographs A-B, C-D, and E-F are three different cells, with higher magnification 
images being shown sequentially on the right. The nucleus (Nu), mitochondria (Mi), 
viroplasms (Vi), rotavirus capsids (C), and RER membranes (>) are labelled accordingly. 
Scale bars for the two lower magnifications represent 1 μM. The highest magnification scale 
bar represents 500 nm. (G) A comparison of viroplasm area between rotavirus infected MA-
NSP5-EGFP cells and rotavirus infected MA-NSP5-EGFP cells treated with HD shown as a 
boxplot. Error bars represent standard deviation and significance bars represent a p-value of 
< 0.001. 
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4.2.5 Bioinformatic analysis of predicted HD target sites  

 

Since HD is predicted to inhibit LLPS through the interruption of hydrophobic bonds 

(Düster et al., 2021, Ribbeck and Görlich, 2002, Elbaum-Garfinkle, 2019, Alberti et 

al., 2019), to further explore how HD treatment of infected cells interrupts viroplasms, 

I carried out a bioinformatic analysis of the of the protein-protein interactions 

responsible for the phase separation. Similar work from Geiger et al. (2021) found 

that the protein-protein interactions between NSP2 and NSP5 drive LLPS in rotavirus 

viroplasms (Geiger et al., 2021). Consequently, I chose to focus the analysis on the 

hydrophobic-hydrophobic protein interactions between NSP2 and NSP5.   

To analyse the hydrophobic regions of both NSP2 and NSP5, the Swiss-Prot 

ExPASy ProtScale Server (Gasteiger et al., 2005) was used to annotate the 

hydrophobic regions of both proteins based on amino acid sequence. Three different 

hydrophobicity tests were used, as recommended by Gasteiger et al. (2005), to 

ensure that the results were consistent between different tests. The three tests of 

hydrophobicity used were Kyte and Doolittle (1982) (See Figure 4.10), Abraham and 

Leo (1987) (data not shown) and Bull and Breese (1974) (data not shown). The Kyte 

and Doolittle test of hydropathy bases its predictions on experimental data of 

individual residues and was selected as it is one of the most widely used predictions 

of hydrophobicity (Huang et al., 2014). A positive result of the Kyte and Doolittle test 

indicates a hydrophobic region, with the opposite signifying a hydrophilic region. The 

Kyte and Doolittle scoring is obtained from the interior-exterior distribution of residue 

side-chains and the water-vapor transfer free energies (Kyte and Doolittle, 1982). A 

window size of 7 amino acids was used as recommended for identifying surface 

exposed regions and a score of >1 (e.g. dashed red line on Figure 4.10) was 

considered as a strong indicator of hydrophobicity (Kyte and Doolittle, 1982). The 

amino acid sequences were acquired from UniProt, with both proteins sourced from 

rotavirus A strains (NSP2: A2T3N6 and NSP5: A2T3Q9) (The UniProt, 2021, Kanai 

et al., 2017, Jiang et al., 2006). 

NSP2 has nine hydrophobic regions distributed throughout the protein that pass the 

threshold value, with peaks 2, 4 and 6 containing >6 amino acids (Figure 4.10 A). 

NSP5 has only three hydrophobic regions, with two found on the N-terminus and one 

found on the C-terminus (Figure 4.10 B). The hydrophobic regions of both NSP2 and 

NSP5 are summarised below in Table 4.1, which also lists the corresponding amino 

acid numbers. Most of the hydrophobic regions are relatively short and only span up 

to 3 amino acids, with hydrophobic region 4 of NSP2 spanning 12 amino acids.  
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 Figure 4.10: Kyte and Doolittle graph predicting the hydrophobic regions of 
rotavirus A NSP2 and NSP5 proteins.  

NSP2 (A) and NSP5 (B) amino acid sequences were acquired from UniProt 
(NSP2: A2T3N6, and NSP5: A2T3Q9) and were analysed using the Kyte and 
Doolittle test of hydropathy on the ExPASy ProtScale server (Kanai et al., 2017, 
Jiang et al., 2006, Kyte and Doolittle, 1982, The UniProt, 2021, Gasteiger et al., 
2005). A positive score indicates a hydrophobic region, and a negative score 
indicates a hydrophilic region. Scores of > 1 were considered to indicate 
hydrophobic protein regions and were highlighted and numbered.  
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To better visualise the hydrophobic regions on NSP2 and NSP5, I mapped the 

hydrophobic regions on the 3D-protein structure (Figure 4.11, A and B). In addition to 

mapping the protein hydropathy, I also mapped protein disorder (Figure 4.11, C-E). 

In LLPS, protein disorder is important as regions of protein-protein interaction occur 

in organised regions of the protein known as “stickers”, which are separated by 

relatively disordered regions known as “spacers” (Mehta and Zhang, 2022). As there 

was no publicly available 3D-structure for the NSP2 used above in figure 4.10 

(UniProt code A2T3N6), I used the rotavirus A NSP2 crystallographic structure 

instead (Protein Data Bank code: 4G0J (Hu et al., 2012a)). To ensure that the two 

different sequences used for NSP2 A2T3N6 (Figure 4.10) and 4G0J (Figure 4.11) 

(Hu et al., 2012a, Kanai et al., 2017) were directly comparable. I performed a 

BLASTP analysis (Gish and States, 1993). This showed that the two proteins have 

an identical amino acid sequence (data not shown) and therefore NSP2 A2T3N6 and 

4G0J are directly comparable. 

On the other hand, since there was no crystallographic structure available for NSP5; 

consequently I used an AlphaFold model generated from the same amino acid 

Hydrophobic 
region

Amino Acid 
number 

1 ~4-7
2 ~28-30
3 ~48-51
4 ~77-86
5 ~102-106
6 ~128-141
7 ~159-161
8 ~217-219
9 ~287-289
1 ~3-5
2 ~9-11
3 ~192-194

NSP2

NSP5

Table 4.1: Summary of the predicted hydrophobic regions in the 
rotavirus A proteins NSP2 and NSP5 with their corresponding amino 
acid numbers. 
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sequence of NSP5 used earlier (A2T3Q9) (Jumper et al., 2021, Varadi et al., 2021, 

Jiang et al., 2006, The UniProt, 2021).  

NSP2 presents a number of hydrophobic and hydrophilic regions scattered around 

its surface (Figure 4.11 A). However, no surface region of NSP2 is particularly 

concentrated with either hydrophobic or hydrophilic amino acid residues. 

Additionally, NSP2 has a disordered region concentrated on the lower lobe of the 

protein, with more disordered and neutral regions distributed on the upper section 

(Figure 4.11 B). There are no particularly ordered surface regions of NSP2 according 

to this structure. The measure of disorder is based on the B-factor or root mean 

square fluctuations, which are measures of the flexibility of each of the atoms (Sun et 

al., 2019, Martínez, 2015). Of note, there is no visual correlation between any of the 

surface hydrophobic or hydrophilic regions and the surface disordered or ordered 

regions. For NSP5 (Figure 4.11 C to E) the predicted AlphaFold structure shows a 

small globular region with a looped filament. The AlphaFold model confidence value 

displays the globular region having a high and very-high degree of confidence, with 

the looped region having a low and very low degree of confidence (Figure 4.11 C). 

Like in NSP2, the hydrophobic and hydrophilic surface regions of NSP5 are spread 

over the surface with no particular region presenting a big patch (Figure 4.11, D). 

Interestingly, the measure of protein order is the inverse of the measure of model 

confidence, with the globular region of NSP5 being disordered, and the long filament 

being relatively more ordered (still only classed as neutral or mildly ordered). This 

might suggest that at least one of the prediction software’s used is unreliable. 

Similarly to NSP2, there is no correlation between hydrophobic or hydrophilic regions 

and areas of protein order or disorder.  
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Figure 4.11: Hydrophobicity and disordered predictions mapped onto the 3D-
structures of NSP2 and NSP5. 

(A and B) The NSP2 3D-structure was based on the Protein Data Bank crystallographic 
structure 4G0J (Hu et al., 2012a). (C to E) The NSP5 3D-structure was generated using the 
AlphaFold program using the A2T3Q9 UniProt amino acid sequence (UniProt, 2020, Jumper 
et al., 2021, Varadi et al., 2021, Jiang et al., 2006).The hydropathy mapping (A and D) 
shows the hydrophobic (magenta), hydrophilic (green), and neutral (white) amino acid 
residues on NSP2 and NSP5. The disorder mapping (B and E) shows the disordered (red), 
neutral (white) and ordered (blue) regions of the protein. Finally, as the NSP5 3D-model is 
predicted based on the amino acid sequence of the protein by AlphaFold, there is a mapping 
showing the model confidence (C). The model confidence mapping shows the per-residue 
confidence measure, which is the predicted local-distance difference test (pLDDT) of the 
protein, ranging from a higher score having a higher confidence (dark blue), to a lower score 
having a lower confidence (orange). 
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Next I compared the hydrophobic regions of NSP2 and NSP5 in different rotavirus 

species to assess whether there is any conservation that could point towards a 

specific region being key for LLPS (Figure 4.12). As in Figure 4.10, Kyte and 

Doolittle’s test of hydropathy was used to identify hydrophobic regions of NSP2 and 

NSP5, using a window size of 7 amino acids (Kyte and Doolittle, 1982, The UniProt, 

2021, Gasteiger et al., 2005). For NSP2, rotavirus A (A2T3N6), B (Q86197), C 

(Q9PY93), D (E2EBU6) and G (U3QY07) were compared (Kanai et al., 2017, Jiang 

et al., 2005, Taraporewala et al., 2006, Trojnar et al., 2010, Phan et al., 2013).There 

were no NSP2 submissions on UniProt for rotavirus F, H, I, or J. For NSP5, rotavirus 

A (A2T3Q9), B (P18571), C (Q00682), D (E2EBV0), F (M4H296) and G (U3R085) 

were compared (Jiang et al., 2006, Chen et al., 1990, Lambden et al., 1992, Trojnar 

et al., 2010, Kindler et al., 2013, Phan et al., 2013). There were no NSP5 

submissions on UniProt for rotavirus H, I, or J. 

The average number of hydrophobic regions in NSP2 across the different rotavirus 

species is 9 (±1.5) and the average number of hydrophobic regions in NSP5 is 3 

(±0.5). NSP2 in rotavirus B (Figure 4.12, C and L) has the least number of 

hydrophobic regions at 7, with rotavirus C (Figure 4.12, E and L) having the most 

number of hydrophobic regions at 11. Whereas in NSP5, rotavirus G (Figure 4.12, K 

and L) has the least number of hydrophobic regions at 2, with rotavirus C, D and F 

(Figure 4.12, F, H, I and L) having the most number of hydrophobic regions at 4 

each. In addition to there being a variance in the frequency of hydrophobic regions 

within NSP2 and NSP5 across the different rotavirus species, there is also a 

variance in the positioning of hydrophobic regions. The only regions of either protein 

which share any homology in the positioning of the hydrophobic region is the N-

terminus and C-terminus. In NSP2, 100 % of the rotavirus species have a 

hydrophobic region within the N-terminus, whereas only 60 % of rotavirus species 

have a hydrophobic region within the C-terminus. In NSP5 the opposite is true, with  

66 % of the rotavirus species having a hydrophobic region within the N-terminus, 

with 100 % of rotavirus species have a hydrophobic region within the C-terminus. 
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Figure 4.12: A Kyte and Doolittle analysis predicting the hydrophobic regions of NSP2 and 
NSP5 across different rotavirus species.  

NSP2 from different rotavirus species (A2T3N6 (A), Q86197 (C), Q9PY93 (E), E2EBU6 (G) and 
U3QY07 (J)), alongside with NSP5 from different rotavirus species (A2T3Q9 (B), P18571 (D), 
Q00682 (F), E2EBV0 (H), M4H296 (I) and U3R085 (K)) amino acid sequences were acquired from 
UniProt and were analysed using the Kyte and Doolittle test of hydropathy on the ExPASy 
ProtScale server (Kyte and Doolittle, 1982, The UniProt, 2021, Gasteiger et al., 2005, Kanai et al., 
2017, Jiang et al., 2006, Jiang et al., 2005, Taraporewala et al., 2006, Trojnar et al., 2010, Phan et 
al., 2013, Chen et al., 1990, Lambden et al., 1992, Kindler et al., 2013). A positive score indicates a 
hydrophobic region and a negative score indicates a hydrophilic region. Scores of > 1 were 
considered to indicate hydrophobic protein residues and were highlighted and numbered. A 
schematic summary of the NSP2 (L) and NSP5 (M) hydropathy is shown at the bottom, with 
hydrophobic regions indicated by purple bars, and the relative length of the proteins indicated by 
the grey bars. 
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Finally, to identify whether the hydrophobic regions in NSP2 (A2T3N6) and NSP5 

(A2T3Q9) were responsible for driving LLPS, I assessed both proteins with FuzDrop 

and flDPnn (Figure 4.13) (Kanai et al., 2017, Jiang et al., 2006. Hardenberg et al., 

2020, Vendruscolo and Fuxreiter, 2022, Hatos et al., 2022, Hu et al., 2021). This is 

similar to the work by Geiger et al. (2021), who conducted a catGRANULE (a LLPS 

predictor equivalent to FuzDrop) and flDPnn analysis of NSP5. FuzDrop (Figure 

4.13, E-H) works by using an algorithm to predict the ability of proteins to 

spontaneously undergo LLPS by analysing the disorder propensity of each residue. 

The algorithm was trained on 120 proteins which undergo LLPS (Mészáros et al., 

2020, Hatos et al., 2022). Each protein residue is given a droplet-promoting 

probability of residues (PDP) score which is then used to create the probability of the 

droplet state (PLLPS) score for the entire protein. A PLLPS score of ≥ 0.60 indicates that 

the protein can undergo spontaneous LLPS.  

flDPnn (Figure 4.13, I-L) is a computational tool that similarly predicts protein 

disorder and so should partially replicate the results from FuzDrop. The flDPnn 

machine learning model was trained through the use of experimental data of 

disordered proteins (Hu et al., 2021). flDPnn analyses each protein residue, with a 

disorder propensity score of ≥ 0.3 being classed as disordered. Additionally, flDPnn 

highlights regions of the protein which have disorder associated functions such as 

protein binding (blue), DNA binding (green) and RNA binding (red). The darker the 

colour highlighting the protein region, the higher the confidence score.   

For the predictive modelling, the rotavirus protein VP4 (A0A0D5CDS5) and SARS-

CoV-2 nucleocapsid protein N-protein (P0DTC9) were used as negative and positive 

controls respectively (Delogu et al., 2015, Bessa et al., 2022). VP4 is a rotavirus 

spike protein that is not documented to undergo LLPS separation in the literature. 

Whereas the SARS-CoV-2 N-protein is well documented to undergo LLPS (Chen et 

al., 2020, Wang et al., 2021b, Perdikari et al., 2020, Cascarina and Ross, 2022). 

From Figure 4.13 it can be seen that there is a lack of correlation between 

hydrophobic (Figure 4.13, A-D) and droplet-promoting (Figure 4.13, E-H) regions of 

either NSP2 or NSP5. Although there are rare occasions where the hydrophobic 

peaks line up with the droplet promoting regions, the majority do not. For example 

the hydrophobic regions 1 and 2 of NSP5 (Figure 4.13, A) line up with the droplet 

promoting region of residues 1-42 (Figure 4.13, E), however this is a rarity. Of note, 

there are more examples of the hydrophilic areas matching with the droplet 

promoting regions. An example of this can again be seen in NSP5, where the 

hydrophilic spike (Figure 4.13, B) around residue 140 matches with the droplet 

forming region of 121-145 (Figure 4.13, F). However, there are a number of 
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examples where this is not the case e.g. the hydrophilic spike of NSP2 (Figure 4.13, 

A) at around residue 120 does not correspond to a droplet region in the FuzDrop 

analysis (Figure 4.13. E). Consequently, there is no correlation with either 

hydrophobic or hydrophilic regions and the droplet-promoting regions. Additionally, 

none of the hydrophobic regions of NSP2, NSP5, VP4, or N-protein are associated 

with a disordered region from the flDPnn analysis.  

Unlike the hydrophobicity, there was a large degree of correlation between the 

droplet promoting regions of FuzDrop and the measure of disorder from flDPnn. For 

example, in NSP2 (Figure 4.13, E) the droplet promoting region of 294-317 matches 

with the disordered region of the C-terminus (Figure 4.13, I). Although there were 

some discrepancies between the two (e.g. the disordered region of VP4 around 

residue 120 [figure 4.13, K] which does not correspond to a lipid-droplet promoting 

region), overall there was a large degree of similarity. Additionally, there is a large 

degree of similarity between the disordered region predicted by flDPnn, and the 

disordered regions predicted above, in Figure 4.11 B for NSP2. In NSP2, both 

analyses predict a large disordered region in the C-terminus. However, there are 

contradictory findings between flDPnn and Figure 11 E. The disorder analysis in 

Figure 11 E identifies a large hydrophobic region within the C-terminus of NSP5, 

whereas flDPnn classifies this area as relatively ordered. In addition to the droplet 

promoting regions, the FuzDrop analysis provides an a PLLPS score (Hatos et al., 

2022). Despite having one droplet forming region, FuzDrop analysis of NSP2 (Figure 

4.13, E) suggests it does not undergo spontaneous phase separation (PLLPS= 0.1679 

< 0.60). Whereas FuzDrop does suggest that NSP5, with three lipid promoting 

regions (Figure 4.13, F)  does undergo spontaneous phase separation (PLLPS= 

0.9846 ≥ 0.60). These results are further supported by the negative control VP4 

(Figure 4.13, G) which does not undergo spontaneous phase separation (PLLPS= 

0.1161 < 0.60) and the positive control N-protein (Figure 4.13, H) which does 

undergo spontaneous phase separation (PLLPS= 0.9941 ≥ 0.60). The final element of 

the protein analysis is the binding region prediction of flDPnn. In NSP2 (figure 4.13, 

I), there is a strong RNA binding region in the C-terminal. Whereas NSP5 (figure 

4.13, J) has several protein, DNA and RNA binding regions predicted. 

Overall, the bioinformatic analysis that I have performed suggests that 

hydrophobicity is not a strong indicator of LLPS propensity. Rather, disorder seems 

to be the main factor involved. Additionally, my results suggest that rotavirus NSP5 is 

the key driver of LLPS viral factories and can interact with both protein and nucleic 

acids, while NSP2 does not have a strong LLPS propensity.
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4.2.6 Large granular aggregate observed in cells across all conditions  

 

At the start of the rotavirus TEM experiment I had to inspect all cells at high 

magnification to identify signs of rotavirus infection. Any potential viral identifiers 

were then matched to other TEM micrographs available in the literature. When 

imaging both infected and mock infected MA104 cells (and the later MA-NSP5-EGFP 

cells), large macromolecular structures were observed in the cytoplasm (Figure 

4.14). Like the viroplasms that were later identified, these structures were large (> 1 

µm diameter), membraneless and had a granular appearance. Unlike the viroplasms, 

the aggregates were amorphous in shape and had electron dense granules with an 

electron lucent background. The presence of these unidentified structures in both 

infected and mock infected conditions raised the possibility of viral contamination of 

the mock control if the structures were of a viral origin.  

One of the main difficulties with EM is distinguishing between relevant structures, 

irrelevant structures and artifacts (Wisse et al., 2010b). I had to look at a number of 

references for rotavirus structures, normal cellular organelles and example artifacts 

to correctly identify the granular aggregates imaged. Eventually I found papers 

referring to glycogen granules which visually matched the observed structures. 

Glycogen granules, like the structures observed in figure 4.14, are amorphous 

cytoplasmic inclusions with electron dense granules surrounded by electron lucent 

space (Mayeuf-Louchart et al., 2019, Prats et al., 2018, Wu et al., 2008). The 

Figure 4.13: Comparitive analysis of hydrophobic, droplet forming, and disordered region in 
rotavirus NSP2 and NSP5.  

The amino acid sequences of rotavirus NSP2 (A2T3N6), NSP5 (A2T3Q9), VP4-negative control 
(A0A0D5CDS5) and SARS-CoV-2 N -protein-positive control (P0DTC9) were used for the analysis 
(Kanai et al., 2017, Jiang et al., 2006, Delogu et al., 2015, Bessa et al., 2022). (A-D) Firstly, the amino 
acid sequences were analysed using the Kyte and Doolittle test of hydropathy on the ExPASy 
ProtScale server (Kyte and Doolittle, 1982, The UniProt, 2021, Gasteiger et al., 2005). (E-H) Next, the 
proteins were assessed for their ability to undergo liquid-liquid phase separation via FuzDrop 
(Hardenberg et al., 2020, Vendruscolo and Fuxreiter, 2022, Hatos et al., 2022). A probability of the 
droplet state (PLLPS) of ≥ 0.60 indicates that the protein undergoes spontaneous liquid-liquid phase 
separation, with the droplet-promoting probabilities of residues (PDP) scores highlighting the individual 
residues involved in the process. (I-L) Finally, the protein disorder was assessed via flDPnn, where 
protein residues with a disorder propensity score of ≥ 0.3 were classed as disordered (Hu et al., 2021). 
Additionally, flDPnn predicted the regions of the protein which were involved in protein (blue), DNA 
(green), and RNA binding (Red), with a darker colour indicating a higher prediction confidence level.  
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aggregates (also called glycosomes) are the main storage form of glucose, which 

forms large aggregates within several tissues. There are three types of glycogen 

structure, with the ones imaged above being classed as α-granules. The glycogen 

granules are protein-dense and so appear dark when stained with lead and uranyl 

acetate (Thornell, 1974). Contrast in TEM is created from the scattering of the 

electron beam as it passes through the sample. The higher the sample molecular 

weight, the greater the degree of electron scattering, resulting in a darker electron 

micrograph (Bisht et al., 2016). Samples undergo a post-fixation staining with 

osmium tetroxide which adds the heavy metal osmium to proteins, increasing 

contrast (Wigglesworth, 1964). Consequently, the protein-dense glycosomes appear 

dark. As the structures are likely glycogen granules and not a viral structure, it 

suggests that the mock infected controls are not virally contaminated.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



131 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14: Granular aggregates identified in cell cytoplasm.  

Cells were either infected with rotavirus and incubated for 4 hpinf (A, C and D), or mock infected 
and incubated for 12 hpinf (B). Following incubation, cells were processed for TEM. Micrographs 
A-C are three different cells. The aggregates (*) are labelled accordingly. Scale bars for A to C 
represent 1 μM, with the scale bar for D representing 500 nm. 
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4.2.7 Tubule structures observed in HD treated, rotavirus infected MA-
NSP5-EGFP cells at 12 hpinf 

 

When examining the MA-NSP5-EGFP cells infected with rotavirus and treated with 

HD at 12 hpinf an unusual structure was observed in association with rotavirus 

capsids and viroplasms (Figure 4.15). The structure was large (> 1 µm), membrane 

bound and had an irregular shape. The interior of the structure consisted of stacks of 

loosely parallel membrane tubules which were contained within the outer membrane. 

The tubules counted had an average diameter of 69 nm +/- 12 nm (n=55). Clusters 

of rotavirus capsids can be identified adjacent to these tubule structures. These 

capsids also contained within an outer membrane which looks to be a continuation of 

the same membrane that contains the tubule stacks. Additionally, viroplasms could 

be identified adjacent to these tubule structures. These tubule structures were only 

identified in one of the HD treated cell lines, indicating that it is either a result of the 

treatment, or potentially a rare intermediary step in rotavirus assembly.  

As was mentioned earlier in the introduction, rotavirus do enter the ER as a DLP 

after leaving the viroplasm (Trask et al., 2012, Crawford et al., 2019). However, I was 

unable to find any papers in the literature that documented similar ER remodelling in 

rotavirus infected cells. Restructuring of the ER is not uncommon in viral infections, 

with reovirus, coronavirus, parainfluenza and ZIKV all manipulating ER membranes 

in some way (Tenorio et al., 2019, Deng and Angelova, 2021, Li et al., 2019, Mohd 

Ropidi et al., 2020, Romero-Brey et al., 2012a). However, ER restructuring was only 

seen in one infected cell, and so it is likely a rare cell event, or an anomalous result. 

If this was to be studied further, CLEM can be used to study rare cellular events. By 

fluorescently tagging the ER and rotavirus capsids, live cells can be studied for a 

rare event (e.g. ER remodelling) and then prepared for TEM (Sachse et al., 2019). 

 

 

 



133 
 

 

 

 

 

Figure 4.15: Tubular structures identified in rotavirus infected WT cell 
cytoplasm treated with HD, at 12 hpinf 

WT MA104 cells were infected with rotavirus, incubated for 12 hpinf and then treated 
with 4 % (v/v) hexanediol (HD) for ~30 seconds. Following incubation, cells were 
processed for TEM. The tubules (T), viroplasms (Vi), capsids (C), outer membrane 
(white >), Tubule membranes (yellow >) are labelled accordingly. Scale bars for the 
lower magnifications represent 1 μM. The highest magnification on the right scale 
bar represents 500 nm.   
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4.2.8 Rotavirus observed in mitochondrion-like structures in HD treated, 
GFP-tagged rotavirus infected cells at 12 hpinf 

 

Another unusual observation was made when studying cells infected with GFP-

tagged rotavirus and treated with HD at 12 hpinf (Figure 4.16). Rotavirus capsids 

were found within large cytoplasmic structures. The rotavirus capsids are quite large 

and so possibly possess RER derived outer capsid shells, however this is difficult to 

confirm without a smaller neighbouring DLP for a size comparison. These round 

structures had a greater electron density than the surrounding cytoplasm and also 

possessed an outer double membrane (Figure 4.16, D). The structures also 

possessed internal, electron lucent chambers. The electron density, size, internal 

chambers and outer membrane matches the neighbouring mitochondria (one of 

which can be seen in figure 4.16, D). Although the architecture is not that of a classic 

mitochondrion, although mitochondria can have quite varied structures when imaged 

through TEM. Since rotaviruses have not been described as entering the 

mitochondria in the literature, this was considered as an anomaly. Fluorescent 

microscopy or CLEM could be used to fluorescently tag the mitochondria and 

rotavirus capsids, which could then be inspected for any overlap.  
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Figure 4.16: Rotavirus capsids identified within mitochondrion-like structures 
of rotavirus infected MA-NSP5-EGFP cell treated with HD at 12 hpinf  

MA-NSP5-EGFP cells were infected with rotavirus, incubated for 12 hpinf and then 
treated with 4 % (v/v) hexanediol (HD) for ~30 seconds. Following incubation, cells 
were processed for TEM. The capsids (C), mitochondria (Mi), mitochondrion-like 
structure (*), external membrane (white >), and internal chamber (yellow >) are 
labelled accordingly. Scale bars for the lower magnifications on the left represents 1 
μM with the highest magnification scale bar representing 500 nm.    
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4.2.9 No difference in mitochondria observed in rotavirus infected cells.  

 

Following on from the observation of potential rotavirus particles within mitochondria 

(Figure 4.16), I decided to compare the morphology of mitochondria across the 

different experimental conditions (Figure 4.17). As can be seen from the 

representative mitochondria, there were no obvious morphological differences in 

mitochondria structure between conditions.  
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Figure 4.17: Mitochondria imaged across the different conditions in MA-NSP5-EGFP cells 
at 12 hpinf . 

Cells were either mock infected (A), infected with rotavirus (B), or infected with rotavirus and 
then treated with 4 % (v/v) hexanediol (HD) for 30 seconds (C). All conditions were incubated 
for 12 hpinf. Following incubation, cells were processed for TEM. Mitochondria (Mi) are labelled 
accordingly. Scale bars represent 500 nm. 
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4.3 Rotavirus Discussion 

 

The aim of this chapter was to investigate whether rotavirus viroplasms form from 

LLPS. To test this, rotavirus infected cells were treated with the LLPS interrupter HD 

during infection(12 hpinf). It was found that HD treatment of rotavirus infected cells 

significantly reduced viroplasm area at 12 hpinf. 

  

4.3.1 HD treatment of rotavirus viroplasms disrupts LLPS, resulting in 
smaller viroplasms.  

 

At 12 hpinf, the treatment of rotavirus infected cells with HD resulted in a statistically 

significant reduction in viroplasm area. Since HD is known to interrupt LLPS, this 

finding supports the hypothesis that rotavirus viroplasm formation occurs through 

LLPS.  

LLPS describes the spontaneous de-mixing of a mixed solution into two or more 

separate phases (Mehta and Zhang, 2022). It is formed due to the weak multivalent 

bonds that form between proteins and nucleic acids causing the macromolecules to 

drop out of solution and into a separate aggregate (Lafontaine, 2019). Multivalency 

in proteins and nucleic acids occurs due to tandem binding modules and repetitive 

motifs (both known as stickers) found throughout the protein which frequently contain 

charged and aromatic residues (Mehta and Zhang, 2022). These bonds can include 

electrostatic, hydrophobic, pi-pi and pi-cation interactions (Alberti et al., 2019, Qamar 

et al., 2018). Stickers are dispersed along a protein, separated by unfolded and 

relatively disordered regions known as spacers  (Mehta and Zhang, 2022). The 

overall process is similar to the separation that occurs between oil droplets in water, 

with proteins and nucleic acids forming distinct droplets within the cytoplasm 

(Lafontaine, 2019). Therefore, it can be said that LLPS is the process in which 

macromolecule-water interactions are switched for macromolecule- macromolecule 

and water-water interactions (Alberti et al., 2019). The droplet structures that form 

from LLPS are highly dynamic and so can rapidly form or breakdown, be deformed, 

or merge together. Additionally, liquid-like condensates can further mature into solid-

like or gel-like structures as the concentration of stickers increases. By increasing or 

decreasing the concentration of stickers, the characteristics of the condensate can 

be altered (Mehta and Zhang, 2022, Banani et al., 2017). Recent evidence has 

pinned LLPS as the mechanism behind the development of membrane-less 
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structures within cells (e.g. nucleoli, stress granules) (Carey and Guo, 2022, 

Lafontaine, 2019).  

HD is an aliphatic alcohol which is able to interrupt weak hydrophobic bonds, which 

allows it to disrupt protein-nucleic acid aggregates within cells. This means HD can 

be used as an indicator of LLPS (Düster et al., 2021, Alberti et al., 2019, Kroschwald 

et al., 2017, Elbaum-Garfinkle, 2019, Ribbeck and Görlich, 2002). HD is able to 

interrupt the hydrophobic interactions through its amphiphilic properties (Lin et al., 

2021). Consequently, the finding that HD treatment of rotavirus infected cells 

reduces viroplasm area supports the notion that rotaviruses utilise LLPS. Likely, 

rotaviruses use LLPS to concentrate the components of their viral replication factory, 

whilst keeping it separate to the cellular cytoplasm. HD is not the only aliphatic diol 

that has been used to interrupt LLPS. Propylene glycol has seen some use as an 

alternative to HD (Geiger et al., 2021). Propylene glycol is used as an alternative as 

it is less toxic than HD when used at concentrations below 5 % (Mochida and 

Gomyoda, 1987).  

My findings are supported by the work from Geiger et al. (2021), who also found 

evidence of rotavirus viroplasm formation through LLPS, which they also confirmed 

through the use of HD. Interestingly, they found that during late infection (12 hpinf), 

larger rotavirus viroplasms were resistant to HD treatment. HD is only effective at 

interrupting liquid-like assemblies and cannot disrupt solid-like aggregates 

(Kroschwald et al., 2017). As infection progresses, rotavirus viroplasms fuse together 

to form larger structures (Eichwald et al., 2012). The finding from Geiger et al. (2021) 

that HD does not interrupt larger viroplasms during late infection implies that these 

larger viral aggregates have transitioned from a liquid-like to a solid-like 

arrangement. Their use of immunofluorescent imaging allowed them to view the 

effects of HD treatment on viroplasms in real time, highlighting the resistance of the 

larger viroplasm against HD post-treatment. Imaging the viroplasms through TEM 

only gave me a snapshot at 12 hpinf and so I could not see the same characteristic 

trait. Regardless, both our findings support the notion that rotavirus viroplasms form 

due to LLPS (Geiger et al., 2021). 

The next observation from the HD experiments was the presence of both electron-

dense and electron lucent viroplasms at 12 hpinf. Treatment of the rotavirus infected 

cells reduced the percentage of electron lucent viroplasms from 12 % in non-treated 

cells, down to 4 % in HD treated cells. The decrease in percentage of electron-lucent 

viroplasms in HD treated cells indicates that electron-dense viroplasms might be 

resistant to HD. Similar findings were observed from Geiger et al. (2021) who found 

via live-cell confocal imaging that during late infection, solid-like viroplasms were 
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resistant to treatment from propylene glycol (another aliphatic diol with similar 

properties to HD) (Geiger et al., 2021). When liquid-like condensates transition to 

solid-like condensates the weak hydrophobic interactions are strengthened, resulting 

in resistance to the aliphatic alcohols that interrupt the weak interactions (Geiger et 

al., 2021).  

Liquid-like condensates are highly dynamic and over the progress of infection will 

transition into a more solid, gel-like structure as the concentration of protein and 

RNA increases within the viroplasm (Knowles et al., 2014). Additionally the 

conversion to a gel-like structure can be influenced by the post-translational 

modification of the proteins involved in the phase-separation (Li et al., 2012). In 

rotavirus infected cells this has been pinpointed to the hyperphosphorylation of 

NSP5 in late infection, causing the formation of more solid-like viroplasms (Papa et 

al., 2019b, Geiger et al., 2021). This suggests that the electron-lucent viroplasms 

imaged at 12 hpinf correspond to liquid-like viroplasms as they were susceptible to 

HD treatment. Whereas, the electron-dense viroplasms correspond to sold-like 

condensates as they were resistant to HD treatment.  

To confirm this, I would need to establish earlier infection time points to ascertain 

whether there is higher percentage of electron-lucent, liquid like viroplasms early in 

infection when imaged through TEM. Additionally, chemical-crosslinking with 

paraformaldehyde prior to HD treatment would trigger the condensates to transition 

from liquid to solid-like and therefore should now be resistant to HD. Finally, these 

experiments could be imaged through live-cell confocal microscopy, allowing for the 

highly dynamic process of viroplasm disruption to be captured live. This would be 

particularly viable as the MA-NSP5-EGFP cell line already has a GFP-tagged NSP5 

present.  

 

4.3.2 NSP5 drives LLPS in rotavirus viroplasms 

 

Rotavirus is one of the many viruses that utilise LLPS for the formation of viral 

factories, with viruses such as SARS-CoV-2, respiratory syncytial virus (RSV) and 

HSV1 also taking advantage of this mechanism (Wei et al., 2022). SARS-CoV-2 is a 

(+) ssRNA, enveloped virus that replicates within membrane compartments co-opted 

from the host ER (Artika et al., 2020). In coronaviruses, LLPS has been well 

established, with the disordered N-protein possessing multivalent RNA binding sites 

which allow it to drive LLPS (McBride et al., 2014, Chang et al., 2009). This has also 

been found to be the case in SARS-CoV-2, where viral RNA is compacted by a 
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dimerised N-protein via LLPS to form RNA-protein complexes, initiating viral 

assembly. It has further been hypothesised that the compaction of RNA was involved 

in the packaging of the viral RNA genome into progeny virions, with the disruption of 

LLPS resulting in replication inhibition (Perdikari et al., 2020, Zhao et al., 2021). 

Additionally, it was identified that the LLPS of N-protein with viral RNA is able to 

subvert the innate antiviral immune response via the inhibition of Lys63-linked poly-

ubiquitination (Wang et al., 2021b).  

RSV is a (-) ssRNA virus that is responsible for causing infections of the respiratory 

tract (Battles and McLellan, 2019). In fact, it is the most common cause of respiratory 

hospitalisations in children and can cause pneumonia in the immunocompromised 

and elderly (Coultas et al., 2019). RSV replicates within the cytoplasm of infected 

cells where it forms viral inclusion bodies which concentrate the proteins involved in 

the RNA polymerase complex and mRNA translation (Fearns and Deval, 2016, 

Strzyz, 2021, Rincheval et al., 2017). Interestingly, the RSV inclusion bodies are not 

homogenous and have sub-compartments where newly synthesised viral mRNA is 

sorted (Rincheval et al., 2017). RSV inclusion bodies are liquid-like droplets that form 

from the interactions between the viral nucleoprotein (N) and phosphoprotein 

polymerase cofactor (P) which form the N-P complex (Rincheval et al., 2017). The N-

P ring complex forms due to the interaction between the C-terminus of P and the N-

terminus of N. The ring structure of N-P is then completed by the C-terminus of N 

binding to the N-terminus of P. Truncation studies revealed that the C-terminus of P 

contains a disordered region which is essential for the formation of RSV inclusion 

bodies. Furthermore, the interactions between N and RNA are essential for inclusion 

body morphogenesis (Galloux et al., 2020). 

The final example of a virus that is involved in LLPS is HSV1. HSV1 is a double 

stranded DNA virus that replicates its genome and assembles progeny virions within 

the nucleus of infected cells (Kobiler and Weitzman, 2019). Specifically, 

herpesviruses form distinct inclusions within the nucleus that act as sites of viral 

replication (Charman and Weitzman, 2020). The HSV1 replication compartments are 

spherical in structure during early infection and can fuse together upon contact, 

indicating that they form via LLPS (Chang et al., 2011, Taylor et al., 2003, Tomer et 

al., 2019). Moreover, the HSV1 transcription factor ICP4 has been found to have 

intrinsically disordered regions that allow it to act as a driver of LLPS (Seyffert et al., 

2021). ICP4 allows for the formation of membraneless replication compartments 

which are distinct from the surrounding nuclear material. Like in other cases of LLPS, 

the formation of the liquid-like inclusions is dependent upon the concentration of 

ICP4, with an increase in ICP4 leading to larger inclusions. It has been hypothesised 

that viral DNA and the host cellular RNA polymerase II could be involved in the 
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process, with the former acting as a scaffold for LLPS (Seyffert et al., 2021). 

However, further studies are needed to identify the other host and viral factors 

involved in HSV1 LLPS.  

Following on from the finding that HD disrupts viroplasms indicating the role of LLPS 

in viroplasm formation, I decided to carry out a bioinformatic analysis of the sticker 

domains interrupted by HD. As mentioned above, HD is known to interrupt weak 

hydrophobic interactions. Furthermore, the involvement of hydrophobic interactions 

in LLPS has been well documented, with the hydrophobic bonds being facilitated by 

non-polar, aromatic, or even charged residues on the proteins involved (Dyson et al., 

2006). These hydrophobic residues encourage the formation of protein-protein 

interactions over that of protein-water, resulting in the formation of phase-separated 

droplets (Lin et al., 2021). An example of a LLPS protein with a large number of 

hydrophobic residues is elastin, which can phase separate and form filaments due to 

its numerous hydrophobic residues (Yeo et al., 2011). I identified the hydrophobic 

regions on both NSP2 and NSP5 performing a Kyte and Doolittle analysis. There 

were 9 hydrophobic regions identified throughout NSP2 and 3 on NSP5 distributed 

on either end of the protein. 

The importance of the hydrophobic interactions between NSP2 and NSP5 in LLPS 

could be further studied through the use of NaCl (Lin et al. (2021). NaCl screens out 

other electrostatic interactions, without affecting hydrophobic bonds. Additionally, it 

sequesters water away from proteins, promoting LLPS. NaCl could be added to 

recombinantly-expressed and purified NSP2, NSP5 and a mixture both NSP2 and 

NSP5 to assess whether droplet formation can still occur. Droplet formation could be 

imaged through confocal microscopy. If the droplets form, it would demonstrate that 

the hydrophobic interactions alone are capable of inducing LLPS in NSP2 and 

NSP5. Successful droplets can then be treated with 4 % HD to disrupt the droplets, 

confirming the process. The opposite experiment could occur with the use of 

guanidinium hydrochloride, which weakens the stability hydrophobic protein 

interactions (Sołtys et al., 2021). Therefore, guanidinium chloride could be used to 

assess if there are any other type of interactions involved in the LLPS of NSP2 and 

NSP5. If droplets still form when in the presence of guanidinium hydrochloride, then 

there must be other interactions involved in the LLPS of NSP2 and NSP5.  

When comparing the positioning of the hydrophobic residues between NSP5 and 

NSP2, both proteins had a hydrophobic N-terminus. In the literature, I found 

examples of N-terminal hydrophobic regions being involved in protein interactions 

with lipid droplets. For example, the ER membrane protein AAM-B has a 

hydrophobic N-terminal that allows it to target lipid droplets. This is similarly the case 
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for the mitochondrial and ER protein cytochrome b5 reductase 3 (Zehmer et al., 

2008). This is of note as rotavirus viroplasms are associated with lipid droplet 

biogenesis, which is needed for virus production. However, it is currently unknown 

whether NSP2 or NSP5 directly interact with the lipid droplets (Criglar et al., 2022). 

Whether the hydrophobic N-terminus of NSP2 and NSP5 are involved in rotavirus 

lipid biogenesis could be further studied through the use of a protein lipid overlay 

assay. Protein lipid overlay assays involve spotting lipid droplet serial dilutions onto a 

nitrocellulose membrane. The proteins in question are then added and the 

membrane is washed. If the protein binds to the lipid droplet through a lipid-binding 

region, then it will remain bound to the membrane and can be visualised via 

immunoblotting (Dowler et al., 2002). Not only could this be used to identify whether 

NSP2 or NSP5 have lipid binding domains, but it could be also be used to identify 

whether the hydrophobic N-terminals are involved. N-terminal truncation mutants of 

both NSP2 and NSP5 could be generated, which would lack the N-terminal 

hydrophobic residues. The protein lipid overlay assay mentioned above could then 

be repeated with these truncated mutants to assess whether NSP2 and NSP5 are 

still able to bind to the lipids without their N-terminal hydrophobicity. 

Next, I created 3D-models of both NSP2 and NSP5 with hydrophilic, hydrophobic, 

ordered and disordered regions highlighted. Of note, there were a number of surface 

hydrophobic regions in both NSP2 and NSP5. Surface hydrophobic regions on 

proteins are typically associated with protein-protein interfaces (Young et al., 1994, 

Keskin et al., 2008, Rego et al., 2021, Hagemans et al., 2015). Consequently, these 

surface hydrophobic regions could be involved in protein-protein interactions that 

drive the LLPS. NSP2 and NSP5 are documented to interact with several viral and 

cellular proteins. For example, NSP2 can bind to NSP5, NSP6, VP1, VP2, Beta-

tubulin, HSP90 and Hsc70 to name a few (Viskovska et al., 2014, Buttafuoco et al., 

2020, Dhillon et al., 2018). Whereas NSP5 is known to interact with NSP2, NSP6, 

VP1, VP2, COPII, HSPA5 and casein kinase 1 alpha to name a few (Viskovska et 

al., 2014, Torres-Vega et al., 2000b, Arnoldi et al., 2007, Buttafuoco et al., 2020, 

Dhillon et al., 2018, Criglar et al., 2018). Consequently, these surface hydrophobic 

regions on NSP2 and NSP5 could be involved in any of these protein-protein 

interactions. In addition to mapping out the surface hydropathy, I also highlighted the 

disordered regions of the protein. In proteins, a disordered region refers to a section 

of the protein which lacks a fixed structure (Dunker et al., 2001). As mentioned 

above, proteins involved in LLPS often have disordered regions of protein (spacers) 

that separate the binding (stickers) regions of the protein which are responsible for 

the protein-protein interactions responsible for LLPS (Mehta and Zhang, 2022). 
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Consequently knowing the location of the disordered regions aids in identifying 

where the protein-protein contacts could potentially occur.  

Following on from this, I decided to identify whether the hydrophobic regions were 

conserved across NSP2 and NSP5 in different rotavirus species. The formation of 

cytoplasmic viroplasms is conserved amongst all rotavirus species studied so far 

(Buttafuoco et al., 2020). Consequently, if the hydrophobic regions in NSP2 and 

NSP5 are a key aspect of LLPS in viroplasm formation, then they might be 

conserved between the different rotavirus species. Despite there being variance in 

the number of hydrophobic regions, there was consistency identified within the N-

terminal of NSP2 and the C-terminal of NSP5. Interestingly, the C-terminal region of 

NSP5 has been implicated in several protein-protein interactions in rotavirus A (e.g. 

NSP2, NSP6, VP1 and VP2) (Eichwald et al., 2004, Viskovska et al., 2014, Torres-

Vega et al., 2000a, Arnoldi et al., 2007, Buttafuoco et al., 2020). These protein-

protein interactions could potentially be due to the hydrophobic region present in the 

C-terminal. To investigate whether the C-terminal hydrophobic region of NSP5 is 

essential for protein binding, a protein binding assay could be used with or without 

the presence of guanidinium hydrochloride. As mentioned above, guanidinium 

hydrochloride weakens hydrophobic interactions. Consequently, if NSP5 cannot bind 

other viral proteins (e.g. VP1) in the presence of guanidinium hydrochloride, it 

implies that the protein-protein interactions are dependent upon the hydrophobic 

bonds. This experiment could similarly be repeated on NSP5 from other rotavirus 

species to confirm whether this aspect is conserved across the rotavirus genus. 

Finally, I compared the hydrophobic regions of NSP2 and NSP5 against the FuzDrop 

phase separation and flDPnn disorder analysers. Of note, there was no correlation 

with the hydrophobic and hydrophilic regions of either protein with the PDP spikes of 

the FuzDrop analysis. As the HD experiments revealed the importance of the 

hydrophobic bonds to LLPS in rotavirus viroplasm formation, I was expecting there to 

be more of a correlation. Especially as FuzDrop measures hydrophobicity within 

droplet promoting regions (Hatos et al., 2022). However, the FuzDrop method is 

multifactorial and takes into account the residue disorder and how this changes 

during binding (Hardenberg et al., 2020). Consequently, as hydrophobicity is not the 

only factor affecting the prediction of droplet promoting regions, it could explain why 

they do not line up. The other observation was that none of the hydrophobic residues 

lined up with the disordered regions shown by the flDPnn analysis. Intrinsically 

disordered protein regions are described as areas of a protein which lack a fixed 

tertiary structure. One of the reasons for this is that the intrinsically disordered 

regions lack hydrophobic residues, preventing the formation of a fixed tertiary 

structure due to the lack of long-range hydrophobic interactions between different 
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areas of the protein (Babu, 2016). Consequently, it makes sense that there is a lack 

of hydrophobic regions within the disordered areas of NSP2 and NSP5. Finally, there 

was a considerable degree of overlap between the droplet promoting regions of 

FuzDrop and the disordered regions of flDPnn. As FuzDrop factors disordered 

regions into its phase separation prediction, it makes sense that there is a 

considerable degree of overlap between the two analyses (Hatos et al., 2022).  

One of the biggest findings was the confirmation that NSP5 (with a PLLPS score of 

>0.60) is suggested to undergo spontaneous LLPS. As a consequence, NSP5 could 

act as a droplet driver- instigating other proteins to undergo phase separation (Hatos 

et al., 2022). On the other hand, NSP2 was identified as being unable to undergo 

spontaneous LLPS (with a PLLPS score of <0.60). This might suggest that NSP2 

acts as a droplet-client protein, rather than undergoing LLPS by itself (Hatos et al., 

2022). Droplet-client proteins only undergoing LLPS when undergoing specific 

interactions with another protein (e.g. NSP5). This finding is further supported by the 

large number of hydrophobic regions identified within NSP2. Hardenberg et al. 

(2020) found that when analysing the amino acid compositions of over 300 droplet-

client and droplet driving proteins from three public databases that droplet-client 

proteins were enriched in hydrophobic residues when compared to droplet driving 

proteins (Hardenberg et al., 2020). These findings are supported by the analysis by 

Geiger et al. (2021) which had the same results, leading them to suggest that NSP5 

acts as a ‘scaffold’ for LLPS in rotavirus infected cells (Geiger et al., 2021). This is 

further supported by experimental data from the literature that documents the 

fundamental role that NSP5 plays in viroplasm formation (Poncet et al., 1997, 

Fabbretti et al., 1999, Mohan et al., 2003, Papa et al., 2019b, Eichwald et al., 2004, 

Eichwald et al., 2002, Sen et al., 2007).  

Finally, the bioinformatic analysis was also predicted the binding regions of NSP2 

and NSP5 by flDPnn. NSP2 was predicted to have a RNA binding region on its C-

terminus, with no DNA or protein binding regions identified. Experimental data from 

Hu et al. (2012a) found that NSP2 was able to bind RNA in a sequence specific 

manner through its residues 104, 105, 107, 221, 223, 236, 243, 244, 239, 240 and 

248. However, they also found that the deletion of the NSP2 C-terminal dramatically 

reduced its ability to bind RNA in a sequence-independent manner, fitting with the 

flDPnn analysis. Of note, the flDPnn analysis identified no protein binding domains 

on NSP2, despite NSP2 being well documented to bind to several host and viral 

proteins. As mentioned above, NSP2 can bind to NSP5, NSP6, VP1, VP2, Beta-

tubulin, HSP90 and Hsc70 etc. (Viskovska et al., 2014, Buttafuoco et al., 2020, 

Dhillon et al., 2018).  
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The flDPnn prediction of RNA binding by NSP5 further matches the findings of 

Vende et al. (2002), who generated recombinant His tagged NSP5 which was 

exposed to RNA and then UV cross-linked which confirmed that NSP5 has non-

specific RNA binding. Additionally, NSP5 is involved in the packaging of viral RNA 

into newly formed capsids and so it likely binds to RNA during virion assembly 

(Vende et al., 2002, Papa et al., 2021, Martin et al., 2011). Like NSP2, NSP5 has 

also been found to bind to several host and viral proteins (e.g. NSP2, NSP6, VP1, 

VP2, COPII, HSPA5 and casein kinase 1 alpha) (Viskovska et al., 2014, Torres-

Vega et al., 2000a, Arnoldi et al., 2007, Buttafuoco et al., 2020, Dhillon et al., 2018, 

Criglar et al., 2018). Consequently the flDPnn prediction that NSP5 has several 

protein-binding regions is in accordance with the literature. Ultimately, the flDPnn 

prediction that NSP5 binds to DNA is highly unlikely. Not only is there no 

experimental of DNA- NSP5 binding in the literature, but furthermore NSP5 and the 

rotavirus replication cycle as a whole is restricted to the cytoplasm and so is unlikely 

to encounter nuclear DNA. To surmise, the bioinformatic analysis identified and 

mapped the hydrophobic residues that are interrupted by HD onto NSP2 and NSP5. 

Both NSP2 and NSP5 have a hydrophobic N-terminal which could act as a lipid-

binding site. Additionally, there was little evidence of hydrophobic residue 

conservation in NSP2 and NSP5 amongst the different rotavirus species. Although 

the hydrophobic C-terminal of NSP 5 was identified in all of the rotavirus species 

analysed and could have a role in NSP5-protein binding. Of particular interest was 

the conclusion from the FuzDrop analysis that NSP5 drives LLPS with NSP2, 

supporting experimental and bioinformatic evidence provided from other 

researchers. The additional experiments listed above would be useful to further 

validate the findings of the bioinformatic analysis and highlight some interesting 

areas of further study into rotavirus LLPS. 
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Chapter 5 : An investigation into the role of DOCK5 on herpesvirus 
cellular egress  
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5.1 Herpesvirus Introduction 

 

The Herpesviridae family consists of dsDNA viruses that are associated with a wide 

range of diseases in several animal species (mammals, reptiles, birds, fish and 

invertebrates) (McGeoch and Gatherer, 2005). Despite the wide range of animal 

hosts, herpesviruses are extremely well tailored to target their specific host (Davison, 

2002). Eight human herpesviruses infect over half the global population and are 

distributed all around the world (Mariggiò et al., 2017, James et al., 2020). In the 

majority of people, infection is asymptomatic or associated with acute and mild 

illness. However in certain individuals (e.g. the young, old, or immunocompromised), 

several life threatening illnesses such as cancer and encephalitis can result from 

infection (Vega et al., 2020, Darji et al., 2017). Transmission is dependent upon the 

specific herpesvirus, but often involves direct person-to-person transfer through 

intimate contact, or indirectly through contaminated blood transfusions (Azab et al., 

2018). There are no cures for herpesvirus infection but several antivirals can be used 

to mitigate symptoms. Additionally, various vaccines are in development with one 

currently being utilised against the alphaherpesvirus varicella zoster (Schwartz, 

2004, Chentoufi et al., 2022, Fatahzadeh and Schwartz, 2007). Herpesvirus virions 

possess glycoprotein studded lipid envelopes that are wrapped around icosahedral 

protein capsids (Dünn-Kittenplon et al., 2021, Dai and Zhou, 2018). Characteristic to 

herpesviruses is their biphasic replication cycles which is divided between a dormant 

latent phase and an active lytic phase (Grinde, 2013). 
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5.1.1 Herpesvirus Taxonomy 

Herpesviruses are found within the Herpesviridae family which belongs to the 

Herpesvirales order (Gatherer et al., 2021). The Herpesviridae family has three 

subfamilies that are known to infect humans (Figure 5.1) (Gatherer et al., 2021). The 

Alphaherpesvirinae subfamily contains HSV1, HSV2 and varicella zoster virus (VZV). 

The subfamily Betaherpesvirinae comprises the roseoloviruses (HHV-6 and HHV-7) 

and HCMV. Finally, the Gammaherpesvirinae includes the oncogenic herpesviruses, 

EBV and Kaposi’s sarcoma-associated herpesvirus (KSHV) (Davison, 2002). There 

are over a hundred different herpesviruses that infect a large number of different 

organisms (Naqvi et al., 2018). The herpesviruses have coevolved with specific 

mammalian, avian and reptilian hosts and are consequently highly adapted to them 

(Gatherer et al., 2021). In this introduction, most of the focus is on alpha and gamma 

herpesvirus since my work was based on KSHV and HSV1. 

 

Figure 5.1: A simplified phylogenetic tree of human herpesviruses 

Phylogenetic tree is based on a comparison between the amino acid sequences of 
the major capsid protein from the different human herpesvirus species. The 
phylogenetic tree includes herpes simplex virus 1 (HSV1) and 2 (HSV2), varicella 
zoster virus (VZV), human cytomegalovirus (HCMV), human herpesvirus 6 (HHV6) 
and 7 (HHV7), Epstein-Barr virus (EBV), and Kaposi’s sarcoma associated 
herpesvirus (KSHV). Figure made using BioRender, adapted from figure 2 by 
Moore et al. (1996). 
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5.1.2 Herpesvirus Disease 

 

5.1.2.1 Clinical Characteristics  

 

5.1.2.1.1 KSHV clinical characteristics  

First discovered in 1994, KSHV is an oncogenic herpesvirus that is responsible for  

Kaposi’s Sarcoma (KS) and is associated with a large variety of B-cell 

lymphoproliferative illnesses, such as primary effusion lymphoma (PEL) and 

multicentric Castleman’s disease (MCD) (Vega et al., 2020). Disease symptoms 

occur due to the wide range of cells that KSHV infects, such as lymphocytes, 

fibroblasts, endothelial and epithelial cells (Bechtel et al., 2003, Garrigues et al., 

2017). Whilst in KS the dominant cell is endothelial (spindle cell), MCD and PEL are 

associated with B-cells (Polizzotto et al., 2012). In KS, cancerous endothelial cells 

form masses in the skin, mouth, lymph nodes and other organs (Schwartz et al., 

2008). Both MCD and PEL are lymphoproliferative illnesses meaning they are 

associated with the uncontrolled growth of lymphocytes. MCD is associated with 

severe systemic inflammation and lymph node swelling (Ramaswami et al., 2021). 

PEL on the other hand is associated with the accumulation of immature B cells within 

the body cavities. All three of these diseases are commonly associated with HIV co-

infection(Fernández-Trujillo et al., 2019). 

5.1.2.1.2 HSV1 clinical characteristics   

HSV1 infection is frequently asymptomatic, however in those that show symptoms, 

the classic disease presentation is of blisters around the site of infection (e.g. mouth, 

tongue etc.) known as oral herpes. However other sites can be affected depending 

upon the site of initial infection (Wei and Coghlin, 2017, Darji et al., 2017). After initial 

primary infection, recurrent oral herpes is usually less severe (Williams et al., 2015). 

HSV1 infection of the eye can occur in children and adults, with recurring ocular HSV 

being a frequent cause blindness in the US (Barker, 2008). More severe illness can 

occur in the immunocompromised, potentially resulting in herpes encephalitis which 

has a mortality rate of > 70 % if untreated, or chronic herpes infection (Kennedy and 

Chaudhuri, 2002, Bradshaw and Venkatesan, 2016). HSV1 infections can also be 

severe in new-born children, resulting in permanent neurological disability or death 

(Kimberlin, 2004).  
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5.1.2.2 Herpesvirus Pathology 

 

In KS, tumours mainly consist of endothelial cells which are primarily latently 

infected, with smaller subpopulations supporting lytic replication (Bechtel et al., 

2003). Currently the cause of this switch from latent to lytic infection in vivo is 

unknown, however in cell culture and in patients it can occur spontaneously (Renne 

et al., 1996, Casper et al., 2007). Lytic KSHV activation results in the shedding of 

virions and is sporadic and asymptomatic (Casper et al., 2007, Pauk et al., 2000). It 

is presumed that the viral shedding caused by lytic infection drives the spread of 

KSHV, with transmission occurring when infected saliva encounters mucosal regions 

(Newton et al., 2018). The KSHV lytic cycle can be triggered by viral co-infection, 

with viral pathogens such as HIV1, HSV1 and 2, HCMV and human papilloma virus 

all identified as viral co-factors (Purushothaman et al., 2015). For example, HIV1 has 

been found to directly activate KSHV lytic protein Rta, resulting in lytic replication 

(Varthakavi et al., 2002).  

In KS there are three simultaneous processes occurring: spindle cell proliferation, 

inflammation and angiogenesis (Ganem, 2010). The three processes are co-

dependent, with spindle cells (infected endothelial cells with altered morphology)  

producing proangiogenic and proinflammatory factors that recruit inflammatory cells 

which in turn stimulate the growth of spindle cells (Ensoli et al., 2001). KSHV is able 

to stimulate inflammation through a number of different mechanisms, such as 

inducing the secretion of IL-6, the activation of the NF-κB signalling pathways and 

through the stimulation of pro-inflammatory cytokines (Dai et al., 2012, Matta and 

Chaudhary, 2004, Guo et al., 2017). By using several mechanisms to encourage an 

inflammatory response, KSHV creates an environment that encourages cell 

proliferation whilst inhibiting apoptosis (He et al., 2019).  

In HSV1, pathogenesis is similarly affected by the lytic and latent replication cycles. 

Infection with HSV1 can result in an asymptomatic, mild, or even life-threatening 

illness depending upon the individual. Interactions between the host (e.g. immune 

system) and virus determine disease outcome (Zhu and Viejo-Borbolla, 2021). HSV1 

infects epithelial cells during primary infection and then establishes latency within the 

neurones (especially neurones of the peripheral nervous system) (D'Aiuto et al., 

2019). Once HSV1 has infected epithelial cells via damage or breakage, it can 

facilitate cell-to-cell transmission in the skin. HSV1 infection has even been found to 

trigger the polarised migration of skin cells to infection sites, augmenting HSV1 cell-

to-cell transmission (Abaitua et al., 2013).  
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The lytic replication of HSV1 in epithelial cells causes inflammation and tissue 

damage, resulting in the characteristic herpes blisters (Zhu and Viejo-Borbolla, 

2021). Once HSV1 has replicated within the epithelial cells, it transitions to the 

peripheral nerve endings and travels to neuronal cell body via retrograde transport 

(Tessier-Lavigne and Goodman, 1996). Once within the neuronal cell body, HSV1 

enters latent dormancy which is associated with limited gene expression and no 

virion production (Bloom, 2016). The reason why HSV1 establishes latency in 

neuronal cells, whilst undergoing lytic replication in epithelial cells is not currently 

known, although VP16 has been predicted to play a role in the difference. VP16 is a 

HSV1 tegument protein that plays a role in lytic activation. Upon entry into the target 

epithelial cell, VP16 travels to the nucleus where it activates the expression of HSV1 

lytic genes (Fan et al., 2020). However, in neuronal cells the distance from cell entry 

at the nerve endings to the cell body for gene activation is predicted to prevent lytic 

activation. This is due to VP16 being unable to reach the concentrations needed to 

activate cell lysis within the neuronal cell bodies (Thompson and Sawtell, 2019, Zhu 

and Viejo-Borbolla, 2021). Nevertheless the process needs further research.  

 

5.1.2.3 Diagnosis, Treatment and Prevention  

 

5.1.2.3.1 Diagnosis 

 

In KSHV clinical diagnosis can be limited and so histopathological tests can be used 

as a gold standard for diagnosis (Amerson et al., 2016). However, histopathological 

testing can be difficult if the pathologist is not familiar with the signs of KSHV-related 

illnesses. Therefore the immunohistochemical staining of the KSHV latency-

associated nuclear antigen (LANA) with antibodies can be combined with the 

identification of spindle shaped cells (in KS) for a positive diagnosis (Schneider and 

Dittmer, 2017). For HSV1 infections, the gold standard of diagnosis is serological 

testing, which is performed after the identification of herpes-related symptoms e.g. 

blisters. Like in other viral infections, a PCR test provides the most sensitive 

diagnosis (Fatahzadeh and Schwartz, 2007).  

 

5.1.2.3.2 Treatment and Prevention  

 

Treatment for KSHV is dependent upon the disease in question. In AIDS-associated 

KS, highly active antiretroviral therapy is used to control HIV viraemia which results 
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in the restoration of the immune system, leading to KS remission (Vanni et al., 2006). 

Classical cancer treatments such as surgery, radiotherapy and chemotherapy can 

also be used for non-AIDS-associated KS (with chemotherapy also working on PEL 

and MCD) (Coen et al., 2014). Finally, anti-herpetic antivirals such as ganciclovir can 

be used against KS, MCD and PEL (Schwartz, 2004). HSV1 treatment is usually 

simpler, with anti-herpetic agents such as acyclovir, valacyclovir and famciclovir 

being administered (Fatahzadeh and Schwartz, 2007). Currently, there is only one 

herpesvirus vaccine available and that is against VZV (Mbinta et al., 2021). 

Development is currently ongoing on a multi-epitope KSHV vaccine that targets 

several viral glycoproteins (gB, gH, gL, gM and gN) (Chauhan et al., 2019). There is 

currently no vaccine for HSV, although there are several different vaccines in 

development (Belshe et al., 2012, Chentoufi et al., 2022).  

 

5.1.3 Herpesvirus Epidemiology 

 

5.1.3.1 Transmission 

 

For KSHV, transmission can occur through both sexual and non-sexual means 

(Minhas and Wood, 2014). KSHV can be identified within saliva, semen, 

oropharyngeal mucosa, vaginal secretions and peripheral blood mononuclear cells 

(Chen and Hudnall, 2006). The primary means of transmission is believed to differ 

depending on geographical location, subject to the endemicity of the area. In non-

endemic regions (e.g. Western Europe, USA, etc.) sexual transmission is predicted 

to be the main route of transfer (Cannon et al., 2001, Mariggiò et al., 2017). 

However, findings are mixed on the importance of sexual transmission relating to 

KSHV and it is difficult to separate sexual transmission from transmission through 

saliva (Minhas and Wood, 2014, Zhang et al., 2014, Malope et al., 2008). An 

additional transmission pathway for KSHV is through blood transfusion due to the 

potential presence of KSHV in peripheral blood mononuclear cells (Zavitsanou et al., 

2006, Hladik et al., 2006). Another important route of KSHV transmission is vertically 

from mother to child. In endemic regions there are high rates of KSHV 

seroprevalence in children, indicating that transmission might occur during or after 

childbirth, through vaginal secretions, breast milk, or saliva (Lisco et al., 2006, 

Mantina et al., 2001, Brayfield et al., 2004, Little and Uldrick, 2019). 

Transmission in HSV1 is better studied and subsequently clearer than in KSHV. 

HSV1 transmission occurs primarily through the transfer of infectious bodily fluids 
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(e.g. saliva) during childhood (Rice, 2021). Like in KSHV, transmission can occur 

vertically from mother to child (James et al., 2014). Primarily, vertical transmission 

happens during birth but can also occur in utero and after birth (Kimberlin, 2007). 

Postnatal transmission does not occur through breast milk, but rather follows direct 

person-to-person transmission (i.e. contact with an oral lesion) (Jones et al., 2014).  

 

5.1.3.2 Geographical Distribution  

 

Unlike other human herpesviruses, KSHV has a very particular global distribution 

(Mariggiò et al., 2017). It is primarily found in sub-Saharan Africa where there is a 

prevalence of 50%. Prevalence is also elevated in the Mediterranean basin, where it 

has a seroprevalence of 3-20% (dependent upon specific location) (Dukers and 

Rezza, 2003, Enbom et al., 2002, Mariggiò et al., 2017). Compared to Europe as a 

whole, the seroprevalence rates are 2-3 % in adults (Preiser et al., 2001, Mariggiò et 

al., 2017). There are also higher levels of seroprevalence amongst specific groups, 

such as those of Jewish decent, the Uighurs of Xinjiang, indigenous American 

populations and the men who have sex with men community (Fu et al., 2009, 

Davidovici et al., 2001, Biggar et al., 2000, Melbye et al., 1998, Labo et al., 2015). 

For HSV1 (which is one of the most common of human infections), global prevalence 

in 2016 was at 66.6%, infecting over 3 billion people worldwide (James et al., 2020). 

Africa in particular is badly affected, having the highest percentage seroprevalence 

of HSV1 per region (87 %) in 2012 (Looker et al., 2015). 

 

5.1.4 Herpesvirus Structure  

 

Herpesviruses have four morphologically different layers that are characteristic 

amongst all members (Figure 5.2, A). The innermost layer consists of an icosahedral 

protein capsid which contains the dsDNA genome, with the capsid surrounded by a 

glycoprotein studded external lipid bilayer. Between the external membrane and the 

capsid lies a relatively amorphous collection of proteins known as the tegument, 

which can be further divided into the inner and outer tegument layers based upon 

their different roles (Dai et al., 2008, Dai et al., 2014). Despite the viral envelope and 

nucleocapsid being well defined, the tegument layers remain relatively less 

understood (Sathish et al., 2012).  

Herpesviruses have shared common names for the individual protein capsid 

components. Consequently, in this following paragraph I will list the common names, 
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with the species specific protein names being found in (Table 5.1). The icosahedral 

capsid consists of six viral proteins that combine to form the capsid complex. The 

capsid outer-shell consists of the major capsid protein (MCP), the small capsid 

protein (SCP) and two triplex proteins (Figure 5.2, B). The MCP forms all of the 

hexons and eleven penton subunits (Grzesik et al., 2017, Sathish and Yuan, 2010, 

Trus et al., 2001, Dai and Zhou, 2018). The twelfth penton consists of a unique portal 

protein that allows for DNA packaging and expulsion and is filled with last-packaged 

end of the viral genome (Figure 5.2, C) (Dünn-Kittenplon et al., 2021, Gong et al., 

2019, Liu et al., 2019). Despite the tegument layer previously being labelled as an 

entirely amorphous assembly, more recent studies are suggesting that this is not 

quite the case. The inner tegument layer is tethered to the capsid and as such 

remains more structured than the outermost layer (Sathish et al., 2012, Dai et al., 

2008). Specifically, the capsid vertex-specific component (CVSC) tegument proteins 

are found on all of the capsid vertices and are especially enriched at the portal vertex 

where it interacts with the MCP, SCP, triplex heterotrimer and portal vertex (Gong et 

al., 2019, Dai et al., 2018). The outer tegument layer consists of a cluster of loosely 

organised viral and host proteins located between the pleomorphic viral envelope 

and the more structured inner tegument layer (Sathish et al., 2012, Dai et al., 2008). 

Outer tegument proteins have a variety of roles that range across most stages of the 

cell cycle. Finally, the herpesvirus virion is encircled by a lipid bilayer that is spiked 

with a variety of viral glycoproteins. There are five viral glycoproteins that are 

conserved amongst herpesviruses (gM, gN and the fusion machinery- gH/gL and 

gB). Additionally, there are five other unique glycoproteins in the KSHV envelope, 

which are protein ORF4 (pORF), pORF28, pORF45, pORF68 and K8.1A (Chandran, 

2010, Dollery, 2019). Whereas, the HSV1 virions contain the gC, gD, gE, gG, gI, gJ 

and gK glycoproteins, (Jaggi et al., 2018). 
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Viral Component  HSV1 KSHV 
Capsid vertex-specific 
component (CVSC)  1 pUL25 pORF19 
CVSC  2 pUL17 pORF32 
CVSC  3 pUL36 pORF64 
Major capsid protein 
(MCP) pUL19 pORF25 
Portal protein pUL6 pORF43 
Small capsid protein 
(SCP) pUL35 pORF65 
Triplex dimer protein 1 pUL18 pORF26 
Triplex dimer protein 2 pUL38 pORF62 

Table 5.1: The nomenclature of orthologous herpesvirus structural proteins  

Structural proteins from herpes simplex virus 1 (HSV1) and Kaposi’s sarcoma 
associated herpes virus (KSHV). Adapted from table 1, by Döhner et al. (2021) 
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Figure 5.2: An Overview of the herpesvirus virion Structure. 

(A) Components of the virion structure from the interior to the exterior: double stranded DNA 
genome, icosahedral capsid, tegument, lipid envelope, and glycoproteins. The hexons and 
pentons are formed from the major capsid protein (MCP). The pentons are capped by the small 
capsid protein (SCP) which cross-link neighbouring MCP subunits in the same hexon. The triplex 
protein (Tri) is found at the base of the capsid and binds the major capsid subunits. Each 
herpesvirus capsid has one vertex that is capped by the portal complex (PORT) which acts as a 
site of entry and exit for viral DNA.Each vertex is capped withcapsid vertex-specific component 
(CVSC)consisting of  inner tegument proteins. Finally, the viral capsid is encircled within a lipid 
bilayer which is studded with a variety of glycoproteins. There are five glycoproteins that are 
conserved amongst herpesviruses (gM, gN, gH/gL and gB). This figure was created using 
BioRender and is based upon figure 1 by Lee et al. (2021). (B) a 3.1 Å cryo-EM structure of the 
HSV-2 capsid, adapted from figure 1 by Yuan et al. (2018). (C) A 4.3 Å cryo-EM structure of the 
dodecameric HSV-1 PORT complex, CVSC, and a DNA plug. Adapted from figure 1, D by Liu et 
al. (2019). 
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5.1.5 Herpesvirus Genome 

 

Herpesviruses have a large dsDNA genome and possess a characteristic biphasic 

life cycle consisting of lytic and latent stages that are associated with the expression 

of distinct groups of genes (Lan et al., 2005).  

The KSHV genome is a dsDNA molecule of around 165,000 bp (Arias et al., 2014). 

The coding region of the genome includes 86 different ORFs which are expressed to 

produce a number of proteins (pORFs) and microRNAs (miRNAs) (Cornejo-Castro et 

al., 2020). During latency, the KSHV genome exists in a circular structure known as 

the episome. There are around 50-100 copies of this episome per latently infected 

cell (Purushothaman et al., 2016). Despite the KSHV genome sharing gene regions 

with other herpesviruses, there are also over twenty genes that are unique to KSHV, 

named K-genes (Figure 5.3) (Veettil et al., 2014). Additionally, there currently exist 

several distinct KSHV genotypes based upon K-gene variation. The K1 gene has five 

distinct genotypes (A to E), whereas the K15 gene has been subcategorised into 

three different genotypes (M, N and P) (Olp et al., 2015). Despite the central genome 

region being relatively conserved, there are still polymorphisms that have been used 

to create twelve other KSHV genotypes (Olp et al., 2015). 

 

 

 

 

 

 

 

 

The HSV1 genome has around 152,000 bp and is split into long unique (UL) (82% of 

the genome) and short unique (US) (18% of the genome) sequences (Figure 5.4) 

(Sandri-Goldin, 2003, Smith et al., 2014). The HSV1 genome encodes over 80 

genes, producing proteins (pUL/pUS). There are three viral origins of replication, one 

in the UL named the OriL and two in the US named the OriS (Packard and 

Dembowski, 2021). The UL and US regions are flanked by the inverted repeat 

sequences b and c (respectively), which are in turn flanked by the a inverted repeat 

sequences (Smith et al., 2014). When in the cell, the HSV1 genome exists in linear, 

Figure 5.3: A schematic overview of the KSHV genome.  

Sections of the genome have been split into regions that are conserved between 
herpesviruses (white), and regions that are unique to gammaherpesviruses (black). 
Terminal repeat (TR) regions frame each end. Adapted from figure 2 by Ablashi et 
al. (2002), and figure 2 by Neipel and Fleckenstein (1999). 
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circular, or concatemeric formats depending on the which stage of the viral 

replication cycle it is in. As the HSV1 genome undergoes replication during lysis it 

exists as a linear strand, forming head-to-tail and branched concatemers as new 

genomes are produced. During latency, the HSV1 genome is circularised (Packard 

and Dembowski, 2021).  

 

 

5.1.5.1 MicroRNAs 

 

miRNAs are found within all metazoan Eukaryotes with humans having more than 

200 variations. miRNAs are small (~19-23 nucleotides), non-coding RNAs that act as 

key regulators of post-transcriptional expression (Kim et al., 2017). Herpesviruses 

produce miRNAs to silence host genes, augment viral pathogenesis, regulate lytic 

and latent cycles and supress the host immune system (Grey, 2015). As opposed to 

proteins, miRNAs offer an attractive solution to combat the innate immunity as 

miRNAs do not require the large amounts of genetic space that proteins need (Cai et 

al., 2005, Forte et al., 2015). As viruses are unable to produce their own miRNA, 

they rely on host cellular machinery (Nanbo et al., 2021). The miRNAs are usually 

transcribed by RNA polymerase II to produce a pri-miRNA transcript which are then 

cleaved by the ribonuclease III Drosha to form pre-miRNAs. Next, the pre-miRNAs 

are exported into the cytoplasm where they are further processed by the RNase III 

endonuclease Dicer to form the mature miRNA duplex (Pan et al., 2019). These 

mature miRNAs then bind to the Argonaute family of proteins within the RNA-

induced silencing complex (RISC). The mature miRNA then directs the RISC to 

complimentary mRNA sequences, blocking protein expression through mRNA 

degradation or translation blocking (O'Brien et al., 2018). If the target mRNA has a 

Figure 5.4: A schematic overview of the HSV1 genome 

The unique long (UL) and unique short (US) regions encode for over 80 genes and are 
flanked by the b (blue) and c (yellow) inverted repeat sequences, respectively. The b 
and c inverted sequences are in turn flanked by the a inverted repeat sequences. The 
HSV1 genome has three origins (ori), one in the UL and two in the US. Adapted from 
figure 1 by Packard and Dembowski (2021). 
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perfect sequence match to the miRNA, it will be cut and degraded by the RISC 

complex. A less than perfect sequence match leads to multiple RISC binding to the 

mRNA, preventing translation by blocking ribosomal binding (Cai et al., 2005). 

Herpesvirus utilise miRNAs to either inhibit protein production, or to reduce protein 

levels through mRNA destabilisation (Naqvi et al., 2018).  

KSHV is known to produce a total of 25 mature viral miRNAs during the latent cycle, 

which are believed to aid viral replication and pathogenesis (Forte et al., 2015, 

Mishra et al., 2020). In KSHV, the miRNAs originate from twelve stem-looped pri-

miRNA transcripts that are processed to form the mature miRNAs miR-K1 to miR-

K12 (Mishra et al., 2020). Like in KSHV, HSV1 encodes 27 of its own miRNAs, which 

are used during lytic and latent replication to downregulate mRNA translation (Mishra 

et al., 2020). Different miRNAs are produced depending upon which infection stage 

HSV1 is in.  

 

5.1.6 Herpesvirus Replication Cycle 

 

The herpesvirus replication cycle begins with the attachment and entry of infectious 

virions into host cells, which occurs through the interaction of viral glycoproteins with 

host receptors (Figure 5.5) (Agelidis and Shukla, 2015, Dollery, 2019). Depending 

upon the specific herpesvirus and cell type, entry is either direct or occurs through 

endocytosis. Regardless, herpesvirus entry results in the fusion of the viral envelope 

with the host cell membrane leading to the release of the viral capsid and tegument 

into the cytoplasm (Kumar and Chandran, 2016, Agelidis and Shukla, 2015). Once 

within the cytoplasm, the herpesvirus capsid traffics to the nucleus by utilising the 

microtubule network for retrograde transport to the cell nucleus (Kumar and 

Chandran, 2016, Striebinger et al., 2016). At the nuclear membrane, the herpesvirus 

capsid docks at the nuclear pore with the capsid portal through the viral CVSC 

(Villanueva-Valencia et al., 2021, Dünn-Kittenplon et al., 2021). Once the capsid has 

docked, the viral dsDNA genome is ejected into the nucleus where it either enters 

latency related dormancy, or begins lytic replication (Brandariz-Nuñez et al., 2019). 

Latency is associated with the silencing of viral gene expression and the suppression 

of host antiviral responses (Broussard and Damania, 2020, Nicoll et al., 2012). 

Whereas lytic replication sees the expression of immediate-early (IE), early (E) and 

late genes (LE) culminating in viral genome replication and the production of viral 

capsids (Broussard and Damania, 2020, Flemington, 2001).  
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Once the herpesvirus genome has been inserted into the newly produced capsids, 

progeny nucleocapsids then exit the nucleus. Herpesvirus nucleocapsids exit the 

nucleus via primary envelopment at the inner nuclear membrane and then de-

envelopment at the outer nuclear membrane where they acquire inner tegument 

proteins (Desai et al., 2012, Arii, 2021). The viral capsid then enters the cytoplasm 

where it again interacts with the microtubule network to undergo anterograde 

transport to the site of secondary envelopment (Striebinger et al., 2016, Kumar and 

Chandran, 2016). The site of secondary envelopment varies per specific 

herpesvirus, but often includes either Golgi or endocytic derived vesicles (Owen et 

al., 2015, Krishnan et al., 2005). Nevertheless, secondary envelopment sees the 

herpesvirus capsid and tegument interact with viral glycoproteins studded within the 

host membrane. This triggers the budding of the capsid into the membranous 

vesicle, forming an enveloped virion that is within another host-derived vesicle 

(Krishnan et al., 2005, Ahmad and Wilson, 2020). This vesicle then traffics to the cell 

periphery where the vesicular membrane fuses with the outer cell membrane, 

releasing the newly formed enveloped capsid out of the cell (Krishnan et al., 2005, 

Ahmad and Wilson, 2020).  
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Figure 5.5: A schematic overview of the herpesvirus replication cycle 

Herpesviruses use several glycoproteins to facilitate cellular attachment (1) and subsequent 
entry into the host cell. Upon entry via endocytosis (2a) or direct fusion (2b), the herpesvirus 
envelope will fuse with cellular membrane (3). This releases the capsid and tegument proteins 
into the cytoplasm. Inner tegument proteins assist nuclear trafficking via the microtubule dynein 
system (4). Once the capsid has reached the nucleus, it will inject the viral genome into the 
nucleus via a nuclear pore. Once the viral genome has entered the nucleus, it will enter latent 
or lytic replication. Upon lytic activation, viral genome replication and transcription (5a) occur, 
leading to viral protein production (5b). Viral capsid components are imported into the nucleus 
to be assembled into procapsids. Once constructed, a viral genome will be inserted into the 
procapsid, forming the nucleocapsid (6). There are three different types of capsid produced- an 
empty capsid (A), a capsid containing a ring of viral assembly proteins (B), and a capsid 
containing the viral genome (C). Nucleocapsids must then leave the nucleus via primary 
envelopment (7). This envelope is lost as the virus buds into the cytoplasm via the outer 
nuclear membrane. Next, the cytoplasmic nucleocapsid will bud into a Golgi or endocytic 
membrane, undergoing secondary envelopment. Afterwards, the capsid will leave the organelle 
in a host-derived vesicle which will then fuse with the cytoplasmic membrane, allowing for viral 
egress (8). Figure created using BioRender, based upon figure 2 by Gatherer et al. (2021). 
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5.1.6.1 Attachment  

 

Once KSHV has come into contact with a susceptible host cell, several viral 

glycoproteins are responsible for mediating viral binding and entry (Sathish et al., 

2012, Dollery, 2019). The main cellular attachment factor for KSHV is the heparan 

sulphate (HS) proteoglycans, which allows for KSHV concentration upon the cellular 

surface (Birkmann et al., 2001). The ubiquitous nature of HS explains the broad 

cellular tropism shown by KSHV when in vitro (Kerur et al., 2010). The KSHV 

glycoproteins gB, gH, gL and K8.1A are responsible for viral attachment as they can 

bind HS (in a redundant manner) (Subramanian et al., 2010, Dollery, 2019). KSHV is 

also capable of using the c-type lectin DC-SIGN for attachment onto macrophages, 

dendritic cells and B-lymphocytes as they lack HS (Jarousse et al., 2008, 

Rappocciolo et al., 2008). Like in KSHV, HSV1 cell attachment is mediated by the gB 

glycoprotein which binds to the host HS on the cell surface (Heldwein and 

Krummenacher, 2008). 

 

5.1.6.2 Entry 

 

The attachment of herpesviruses onto the cell surface allows the virion to interact 

with the cell-surface receptors needed for entry (Dollery, 2019). KSHV utilises a 

variety of highly specific entry receptors in different combinations for different cell 

types (Veettil et al., 2014). The main cellular entry factors for KSHV are integrins. 

Once KSHV has attached to the target cell through HS, viral glycoprotein 

conformation changes allowing access to the integrin surface receptors (Veettil et al., 

2014). Three integrins, α3β1, αvβ3 and αvβ5, have been implicated with KSHV entry 

into a number of cell types (Kerur et al., 2010, Akula et al., 2002). Though gB can 

bind to α3β1, the viral glycoproteins involved in the other integrin binding needs 

further study (Kerur et al., 2010). Another potential KSHV entry receptor is EphA2, 

an ephrin receptor. Ephrin receptors make up the principal family of tyrosine kinase 

receptors and are involved in cell adhesion, actin cytoskeleton assembly, 

macropinocytosis and clathrin dependent endocytosis (Darling and Lamb, 2019). 

KSHV glycoproteins gH and gL have been indicated in EphA2 and EphaA4-mediated 

cellular entry, by binding to each other non-covalently to facilitate binding (Veettil et 

al., 2014, Hahn et al., 2012, Chen et al., 2019b).  

KSHV entry into target cells occurs through endocytosis. There are four different 

endocytic types: macropinocytosis, phagocytosis, clathrin-mediated and caveolae 
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mediated endocytosis (Veettil et al., 2014). The mode of entry is dependent upon cell 

type, with KSHV entering fibroblasts via clathrin-mediated endocytosis. In 

monocytes, KSHV uses both clathrin and caveolin dependant endocytosis. 

Macropinocytosis has been linked to the KSHV invasion of endothelial cells (Kerur et 

al., 2010, Akula et al., 2003, Raghu et al., 2009, Veettil et al., 2014). Once KSHV has 

been endocytosed, it is still trapped within an endosomal vesicle. A low pH within the 

endosome is required for membrane fusion and viral release into the cytosol, which 

is mediated by the herpesvirus core fusion machinery (gH/gL and gB), although the 

specific glycoprotein interactions are unknown (Kerur et al., 2010, Akula et al., 2003, 

Raghu et al., 2009, Dollery, 2019). Once membrane fusion has occurred and the 

KSHV capsid has entered the cell, the different viral tegument layers start to carry 

out their diverse functions. 

In HSV1, entry occurs by one of two mechanisms depending upon the cell type in 

question (Hilterbrand and Heldwein, 2019). In neuronal cells HSV1 is able to directly 

fuse with host membranes, whereas in epithelial cells HSV1 utilises the endocytic 

route (Nicola et al., 2005, Miranda-Saksena et al., 2018). Key to HSV1 entry is its 

surface glycoproteins. Of its fifteen viral glycoproteins, only four of these are 

described as essential for cell entry (gD, gH/gL and gB) (Turner et al., 1998). Once 

gB and gC facilitate cell attachment through HS, gD binds to either 3-O-sulfated-HS, 

nectin1, or herpes virus entry mediator (Shukla et al., 1999, Krummenacher et al., 

2004, Petermann et al., 2015). The attachment of gD to a receptor changes the 

structure of gD, allowing it to bind to the gH/gL heterodimer, which then triggers gB 

(Fan et al., 2014). As for all herpesviruses, gB is the fusion protein, which produces 

the fusion of viral and cell membranes allowing the herpesvirus capsid to enter the 

cell (Atanasiu et al., 2013, Fontana et al., 2017).  

 

5.1.6.3 Cellular Trafficking 

 

Once the herpesvirus nucleocapsid has entered the cellular cytoplasm, it must transit 

towards the nucleus. After the nucleocapsid has entered the cytoplasm, the outer 

tegument layer dissociates from the nucleocapsid and disperses into the surrounding 

cytoplasm where it interacts with cellular factors (Sathish et al., 2012, Dai et al., 

2014). Outer tegument proteins are involved in viral gene activation, immune 

suppression and virulence (Xu et al., 2016, Full et al., 2014). Whereas the inner 

tegument layer is responsible for trafficking the nucleocapsid and so remains nearby 

(Dai et al., 2014). Herpesvirus are known to utilise the host microtubule network as a 

“rail system”, allowing the nucleocapsids to circumnavigate the cell. When at the 
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nucleus, the capsid portal connects to a nuclear pore complex (NPC) and inserts the 

herpesvirus DNA genome into the nucleus (Döhner et al., 2021). In herpesviruses 

the capsid portal complex and the NPC are aligned through the CVSC (Gong et al., 

2019). 

KSHV is able to transit to the nucleus via the acetylation of host microtubules 

through RhoA GTPases which thickens and stabilises the microtubule network 

(Kumar and Chandran, 2016). In fibroblasts and endothelial cells, KSHV has been 

found to utilise the microtubule network via dynein motors to reach the nucleus 

(Naranatt et al., 2005). Upon reaching the nuclear periphery, KSHV is able to insert 

its DNA into the nucleus through the capsid pore. The capsid pore vertex is 

comprised of a dodecameric ring of pORF43 and is surrounded by CVSC (Gong et 

al., 2019). The CVSC and portal complex proteins dock at the host NPC, injecting 

the viral genome into the nucleus at high pressure (Dünn-Kittenplon et al., 2021, 

Bauer et al., 2013). Once within the nucleus, viral replication can begin.    

Like in KSHV, HSV1 co-opts the host microtubule system and uses dynein and its 

cofactor dynactin for retrograde transport to the nucleus (Döhner et al., 2002). HSV1 

uses the inner tegument protein pUL36 and pUL37 to recruit the host motor proteins 

needed for intracellular transport (Sandbaumhüter et al., 2013). When the HSV1 

capsid has arrived at the nucleus, the CVSC proteins interact with the NPC in a 

similar manner to KSHV. In HSV1, the CVSC protein pUL25 and pUL36 are able to 

interact with the nucleoporins (components of the NPC) and align the capsid portal 

with the NPC (Pasdeloup et al., 2009, Abaitua et al., 2012, Villanueva-Valencia et 

al., 2021). When correctly aligned, the HSV1 genome can be forcefully ejected into 

the nucleus (Sandbaumhüter et al., 2013). Not only is pUL25 involved in the HSV1 

NPC docking, but it has been further implicated in the insertion of the HSV1 genome 

into the nucleus. When a HSV1 mutant strain with a truncated pUL25 infected cells, 

capsids were found to localise at the NPC but were unable to insert their genomes 

into the nucleus, implicating pUL25s role in genome insertion (Huffman et al., 2017).  

 

5.1.6.4 Replication, Transcription, and Translation   

 

5.1.6.4.1 Latent Genome Replication 

After KSHV has successfully infected a cell, it enters a latent state where the viral 

genome exists as an episome within the host nucleus. The episome exists 

separately from host DNA as a minichromosome associated with cellular histones 

(Toth et al., 2013). The KSHV viral genome needs to be replicated during both lytic 
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and latent cycles so that a copy of the episome is available for each daughter cell 

during mitosis (Ballestas et al., 1999). As such, the viral genome is replicated once 

per cell cycle in latently infected cells. LANA is required for genome maintenance 

and for the portioning of viral episomes into the two daughter cells (Ye et al., 2004). 

LANA acts as a tether, binding the KSHV episome to the cellular chromatin. LANA 

achieves this by binding to the viral episome terminal-repeat region within its C-

terminus and by attaching to a linker histone (H1) with its N-terminus (Ballestas and 

Kaye, 2001). By tethering the episome to host DNA, LANA ensures that each 

progeny cell carries a copy of the viral episome. Furthermore, LANA recruits several 

cellular proteins involved in DNA replication to the origin of latent DNA replication 

(ori-P) at the terminal repeat region of the episome. The ori-P has two LANA binding 

sites, allowing LANA to attach directly to the ori-P with its terminal repeat binding 

domain (Grundhoff and Ganem, 2003, Hu et al., 2002). Once bound, LANA recruits 

the host proteins needed to establish the pre-replication complex, initiating KSHV 

latent DNA replication alongside host DNA replication. The pre-replication complex 

includes the host origin replication complex (ORC), cell division cycle 6 (cdc6), 

Poly(ADP-ribose)polymerase-1 (PARP1) and minichromosome maintenance 

proteins (MCMs) and other host factors necessary for DNA replication (Ballestas and 

Kaye, 2011, Verma et al., 2006, Dabral et al., 2019).  

HSV1, like other alphaherpesviruses establishes latent infections in nonreplicating 

neuronal cells. Like in KSHV, the HSV1 genome forms a circular episome within the 

cell nucleus (Cohen, 2020). Unlike KSHV, HSV1 does not need to replicate its 

genome as it establishes latency in non-dividing cells (Nicoll et al., 2012).  

5.1.6.4.2 Lytic Genome Replication 

During lytic infection, the mechanism of viral genome replication is conserved 

between different herpesviruses, although replication initiation can vary (Weller and 

Coen, 2012). In herpesviruses, lytic replication is believed to proceed via a rolling 

circle mechanism, where a continuous genomic concatemer is produced (Mapelli et 

al., 2005). This concatemer is then split into separate genomes as it is packaged into 

progeny capsids (Weller and Coen, 2012). 

Once the lytic cycle has been activated, the KSHV genome has to be rapidly 

replicated so that it can be packaged into progeny capsids. Unlike latent DNA 

replication, lytic DNA replication occurs at the lytic origin (ori-Lyt) (Purushothaman et 

al., 2015, Lin et al., 2003). Interestingly, the replication of the KSHV genome during 

the lytic cycle uses a variety of cellular and viral proteins due to the expression of 

viral proteins associated with lytic replication (Aneja and Yuan, 2017). Lytic genome 

replication is initiated when Rta binds to the ori-Lyt, which triggers the recruitment of 
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the pre-replication complex (Wang et al., 2003) The pre-replication complex in lytic 

infection includes at least eight viral proteins that includes but is not limited to Rta 

(master regulator), K8, a viral helicase, a viral DNA polymerase and a viral primase 

(Wang et al., 2006, AuCoin et al., 2004). Viral DNA replication forms a continuous 

DNA concatemer, which is then cleaved into individual KSHV genomes as it is 

inserted into progeny capsids (Gardner and Glaunsinger, 2018).  

The infection of cells with HSV1 is associated with the formation of large replication 

complexes within the nucleus which are believed to be sites of viral genome 

replication, transcription, concatemer cleavage and genome packaging (Weller, 

2010). HSV1 encodes a number of viral proteins that are involved in genome 

replication, with six of these being conserved amongst other herpesviruses. Of these 

six conserved proteins there is a ssDNA binding protein (pUL29), a two subunit DNA 

polymerase (pUL30-pUL42) and a three-subunit helicase and primase complex 

(pUL5-pUL8-pUL52). HSV1 also encodes an extra origin binding protein pUL9 which 

is not found in KSHV (or other beta- and gammaherpesviruses) (Weller and Coen, 

2012, Packard and Dembowski, 2021). In HSV1, DNA replication begins at one of 

the three viral origins of replication (OriL, or one of the two OriS’s). At one of the 

origins, the origin binding protein pUL9 and ssDNA binding protein pUL29 bind to and 

unwind the A-T rich region (Makhov et al., 2003, Aslani et al., 2002). The splitting of 

the dsDNA and subsequent exposure of ssDNA is believed to cause pUL29 to 

detach from pUL9 and bind to the ssDNA, preventing the re-annealing of the strands 

(Manolaridis et al., 2009, Weller and Coen, 2012). Next, the helicase and primase 

complex pUL5-pUL8-pUL52 is recruited. The complex binds to the ssDNA made by 

pUL29 and pUL9 and further unwinds the viral DNA whilst producing short RNA 

primers to allow for polymerase binding (Chen et al., 2011). Finally, the two subunit 

DNA polymerase pUL30-pUL42 is recruited to the replication fork by the active 

primase and begins leading and lagging DNA synthesis (Carrington-Lawrence and 

Weller, 2003, Stengel and Kuchta, 2011). 

 

5.1.6.4.3 Transcription 

Herpesviruses in general are known for establishing latency in cells. Latency is 

typically associated with the cessation of viral expression and virion production, with 

lysis being associated with the opposite (Nicoll et al., 2016). Viral gene expression is 

limited in the latent stage due to the methylation of the KSHV genome. Methylation 

causes the viral genome to transition from euchromatin to heterochromatin, 

preventing gene expression (Toth et al., 2013). In this state, only a small number of 

the 90 viral ORFs are needed to continue latency (Pearce et al., 2005, Chudasama 
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et al., 2015). There are four main KSHV proteins that are regularly identified in 

latently infected cells, kaposin (encoded by ORFK12), v-FLIP (ORF71), v-Cyclin 

(ORF72) and LANA (ORF73) (Pearce et al., 2005, Garrigues et al., 2017, Talbot et 

al., 1999). Expression of these genes is believed to lead to host cell proliferation, 

viral genome maintenance, immune evasion and apoptosis prevention (Pearce et al., 

2005).  

The lytic cycle in KSHV is associated with the release and propagation of progeny 

viruses (Talbot et al., 1999). Internal and external stimuli such as hypoxia, oxidative 

stress and viral-coinfection can induce the KSHV lytic sequence (Purushothaman et 

al., 2015). Induction of KSHV results in the relaxation of the viral episome, which 

allows for viral protein expression (Purushothaman et al., 2016). Upon viral 

induction, the majority of viral genes are expressed in a sequential manner (IE, E 

and L), leading to production of viral progeny (Verma et al., 2015). The switch from 

the latent to the lytic cycle is controlled by the viral replication and transcriptional 

activator known as Rta (Aneja and Yuan, 2017). This IE activator is required for lytic 

replication and is conserved within all 2-herpesviruses (Goodwin et al., 2001). Rta is 

the first gene to be expressed after the stimulation of the lytic cycle and once Rta 

expression is activated it is able to upregulate itself via a positive feedback loop, 

resulting in lytic cascade (Purushothaman et al., 2016, Deng et al., 2000). The lytic 

cascade triggered by Rta results in the expression of the IE, E and L genes allowing 

for viral genome replication and virion production (Combs et al., 2022).  

In HSV1 latency, viral transcription is mainly limited to the latency-associated 

transcript (LAT). As HSV1 establishes latency within non-dividing neurones, no 

protein tether is expressed (Cohen, 2020). The LAT is spliced into one minor LAT 

exon (6.3 kb) and two major LAT introns (1.5 and 2 kb) that are processed into 

several miRNAs (Nicoll et al., 2016). These miRNAs are used by HSV1 to inhibit the 

expression of lytic IE genes (e.g. ICP0), dampening the entirety of HSV1 genome 

expression (Mador et al., 1998, Nicoll et al., 2012). LAT products also have a role in 

cell apoptosis inhibition which prevents virally-triggered cell death (Thompson and 

Sawtell, 2001).  

In HSV1, lytic gene transcription is orchestrated in a temporal cascade, with IE, E 

and L genes being transcribed by host RNA polymerase II (Packard and Dembowski, 

2021). Of the proteins expressed, HSV1 produces two viral transcription factors that 

activate the different gene groups. IE transcription is initiated by the tegument protein 

VP16 which is released into the cytoplasm as the virus enters the cell (Fan et al., 

2020). VP16 is transported to the nucleus by binding to the host cell factor 1 in the 

cytoplasm which has a nuclear localisation sequence (Nicoll et al., 2012). The 



169 
 

transcription of the IE genes results in the expression of the next HSV1 transcription 

factor, ICP4. ICP4 activates transcription of the E and L genes by recruiting host 

factors (e.g. the TATA binding protein) (Chaturvedi et al., 2020). Viral genome 

replication is dependent upon the expression of E genes, which allow for the 

establishment of replication compartments by expressing viral replication machinery 

genes (Taylor et al., 2003). Once the HSV1 genome has been replicated, the 

expression of L genes will be triggered by a currently unknown mechanism. HSV1 

structural proteins (e.g. capsid proteins and glycoproteins) are encoded by the L 

genes, so genome replication triggers the production of progeny virions (Gruffat et 

al., 2016, Packard and Dembowski, 2021).   

5.1.6.4.4 Translation 

 

Most viruses, including herpesviruses, are able to inhibit host protein translation 

through viral factors.  

The main mechanism used by KSHV to inhibit protein expression is the shutoff and 

exonuclease (SOX) protein (Pardamean and Wu, 2021). The SOX lytic protein is 

able to prevent the nuclear export of mRNA and also triggers mRNA degradation 

within the cytoplasm (Glaunsinger and Ganem, 2004). SOX is able to breakdown 

mRNA by interacting with a host exonuclease. First, SOX cleaves the mRNA 

internally with its endonuclease activity and then the cleaved fragments are broken 

down by the cellular exonuclease Xrn1 (Covarrubias et al., 2011). The other aspect 

of SOX inhibition of host expression is its ability to trap host mRNA within the 

nucleus. SOX sequesters mRNA within the nucleus through the indirect 

hyperadenylation of mRNA transcripts, which prevents nuclear export. Furthermore, 

like in rotavirus, KSHV SOX is able to trap the host PABP within the nucleus, further 

limiting host expression (Lee and Glaunsinger, 2009). Interestingly, SOX also targets 

viral mRNA expression, leading to the hypothesis that SOX is also used to fine-tune 

viral gene expression (Abernathy et al., 2014).  

HSV1 has also evolved several ways to subvert host expression and facilitate viral 

protein production. One example of this is the HSV1 virion host shutoff (VHS) RNase 

which is able to moderate host translation (Dauber et al., 2011). VHS is a tegument 

protein that is able to breakdown both viral and host mRNA through associating with 

the eIF4F translation initiation complex which binds to mRNA 5’ caps (Page and 

Read, 2010). The activity of VHS is primarily limited to the IE and E lytic stages of 

HSV1 infection, with VHS activity being reduced by VP16 and VP22 during L stages 

to allow for viral production (Knez et al., 2003). Not only does VHS shut down host 
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expression, but it is also essential for the expression of HSV1 L genes as it prevents 

the accumulation and overwhelming of host translational machinery with host mRNA, 

or viral mRNA from earlier stages of infection (Dauber et al., 2014). Another way in 

which HSV1 can augment viral protein expression is through the inhibition of host 

translation shutdown (Banerjee et al., 2020). Host cells can use cellular kinases to 

stop translation through the phosphorylation of eIF2α in a bid to halt viral expression 

(Samuel, 1993). HSV1 is able to prevent this through gB, ICP34.5 and US11 which 

direct the dephosphorylation of eIF2α (Mulvey et al., 2007, Dauber et al., 2014) 

5.1.6.4.5 Herpesviruses and miRNAs 

miRNAs are a particularly effective tool for viruses that have a strong emphasis on 

latent infection (Skalsky and Cullen, 2010). To successfully establish long term latent 

infections, immune evasion is key. Therefore, the production of miRNAs (which can 

also directly inhibit the immune system) instead of potentially antigenic viral proteins 

is evolutionary advantageous (Skalsky and Cullen, 2010). Despite the focus on latent 

infection, there are also miRNAs involved in lytic replication (Hussein et al., 2019).  

One example of a lytic KSHV miRNA is miR-K10. The miRNA miR-K10 shares its 

mRNA binding sites and sequences with the cellular miR-142-3 and so it is believed 

to regulate the same gene product (Gottwein et al., 2011). miR-K10 is known to 

inhibit apoptosis in target cells by preventing TweakR expression, a receptor 

involved in apoptosis (Chao et al., 2013). Therefore, production of the miR-K10 

allows KSHV to prevent planned cell death, circumventing this host defence 

mechanism. Not only is KSHV capable of producing its own miRNAs, it is also 

capable of manipulating the expression of host produced miRNAs (Wu et al., 2011; 

O'Hara et al., 2009). Whereas the production of KSHV encoded miRNAs is 

associated with latency, manipulation of cellular miRNA is utilised during the lytic 

cycle. KSHV has been found to downregulate the expression of tumour-suppressing 

cellular miRNAs miR-221 and miR-222 (Qin et al., 2014). Both miR-221 and miR-222 

are involved in angiogenesis and increased endothelial cell migration, which are 

important factors in tumour development and metastasis (Song et al., 2017).  

Similarly, in HSV1 infection miRNAs are utilised for a variety of functions. HSV1 is 

able to inhibit lytic genes during latency through the viral miRNAs miR-H2-3p and 

miR-H6 (Mishra et al., 2020). These miRNAs are derived from the LAT and are able 

to inhibit the HSV1 mRNA transcripts for the IE protein ICP4 (Umbach et al., 2008, 

Duan et al., 2012). As mentioned earlier, ICP4 is an essential transcription factor that 

triggers the expression of E and L genes (Chaturvedi et al., 2020). Furthermore, 

HSV1 is able to induce the expression of the host miR-23a to aid in viral replication 

(Ru et al., 2014). miR-23a is able to inhibit the IFN pathway which is heavily involved 
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in the innate antiviral immune response, therefore aiding in HSV1 infection (Yan et 

al., 2016).  

 

5.1.6.5 Assembly  

 

During the lytic viral cycle, multiple viral proteins are assembled within the nucleus to 

form the capsid complex. Upon capsid assembly, the viral genome is inserted into 

the herpesvirus capsid interior (Grzesik et al., 2017). In herpesviruses, the initial, 

empty capsid is known as the procapsid. The procapsid is spherical and porous, as 

opposed the final capsid which is angular and sealed (Brown and Newcomb, 2011). 

The herpesvirus procapsids are packaged with DNA and cleaved by proteases to 

form one of three capsid types named A to C (Heming et al., 2017). The three 

different capsids vary on their contents when imaged through EM, with type A-

capsids having empty shells that are abortive due to their lack of DNA. The same 

can be said of type B-capsids, which only contain a ring of SCAF and no DNA. 

Whereas type C-capsids contain DNA and so are considered to be a precursor to the 

fully infectious final virion (Heming et al., 2017, Deng et al., 2008, Tandon et al., 

2015, Li and Yu, 2020).  

In herpesviruses, the capsid capsomere hexons and pentons are formed from the 

MCPs, which are guided by the SCAF protein (pORF17.5/pUL26.5 ) (Sathish and 

Yuan, 2010, Heming et al., 2017). The triplex proteins 1 and 2 connect the 

capsomeres together along with the SCP which interacts with MCP to decorate the 

surface. Both the triplex proteins and SCP are essential for capsid shell construction 

(Perkins et al., 2008). Additionally, in KSHV capsid assembly has been found to be 

dependent upon the CVSC component pORF19, with its knockdown resulting in the 

absence of assembled capsids (Naniima et al., 2021). Unlike in KSHV, the CVSC 

component pUL25 is not required for capsid assembly, it does however play a role in 

HSV1 DNA encapsidation (McNab et al., 1998). The herpesvirus procapsid is 

assembled upon the SCAF protein. This scaffolding is later cleaved by the viral 

protease PRO (pORF17/ pUL26) and removed, leading to the formation of the final 

capsid (Deng et al., 2008).  

Upon capsid assembly, the recently replicated viral genome must be inserted into 

the capsid, resulting in the formation of the nucleocapsid. In herpesviruses the viral 

DNA is inserted through the portal-complex (pORF43/ pUL6) (Sathish et al., 2012, 

Deng et al., 2007, Liu et al., 2019). Additionally, pORF68 has recently been identified 

as essential for viral genome insertion in KSHV. It is believed that pORF68s DNA 
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binding and nuclease activity allows for the cleavage of the viral genome during 

encapsidation (Gardner and Glaunsinger, 2018). For the HSV1 DNA to be inserted 

into the procapsid, a complex of viral proteins are needed to cleave and package the 

concatemeric DNA. In HSV1, pUL15, pUL28 and pUL33 form the terminase complex, 

with the endonuclease activity of pUL15 cleaving the DNA (Hodge and Stow, 2001, 

Heming et al., 2017). The terminase complex and bound viral DNA then interact with 

the pUL6 portal, where pUL15 begins to insert the viral DNA into the procapsid (Yang 

et al., 2009, Wills et al., 2006). The insertion of viral DNA into the procapsid activates 

the protease pUL26, resulting in SCAF cleavage and capsid maturation (Heymann et 

al., 2003, Heming et al., 2017). Once packaged within the capsid, the herpesvirus 

genome is sealed within by the viral pentameric cap protein pORF19/ pUL25 

(Naniima et al., 2021, Liu et al., 2019). 

 

5.1.6.6 Nuclear Egress 

 

Once the herpesvirus nucleocapsid has been assembled, it gains its primary 

envelope from the nuclear membrane as it exits the nucleus (Sathish et al., 2012). 

As the herpesvirus nucleocapsids are too big (~125nm in diameter) to transit through 

the nuclear pores, they must exit via budding. Firstly, the nucleocapsid must be 

recruited to the nuclear membrane, where it enters the perinuclear space. This 

results in the formation of enveloped nucleocapsids contained within the inner 

nuclear membrane. This membrane allows for the nucleocapsid to fuse with the 

outer nuclear membrane, resulting in the nucleocapsid entering the cytoplasm 

(Sherry et al., 2017).  

The proteins involved in nuclear egress have been extensively studied in alpha and 

beta herpesviruses, but less-so in gamma herpesviruses. All herpesviruses possess 

a heterodimeric complex known as the nuclear egress complex (NEC) which 

facilitates nuclear egress. In KSHV the NEC is formed from pORF67 and pORF69 

(Santarelli et al., 2008, Luitweiler et al., 2013, Lv et al., 2019a). pORF67 alone is 

capable of inducing host membrane proliferation, resulting in the formation of 

duplicated nuclear membrane tubules (Luitweiler et al., 2013, Desai et al., 2012). 

When pORF67 is combined with pORF69 in insect co-expression studies, the tubule 

structures form virion-sized vesicles that are limited to the nuclear margins (Lv et al., 

2019a, Desai et al., 2012). These vesicles are predicted to contain nucleocapsids in 

actual viral infection, allowing KSHV to exit the nucleus. Upon fusion with the outer 

nuclear membrane the KSHV nucleocapsid loses its primary envelope and enters 

the cytoplasm.  
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In HSV1, the process in better studied. The NEC in HSV1 is composed of pUL31 and 

pUL34 and plays a similar role to the NEC in KSHV, with knockdowns of either 

protein resulting in failed nuclear egress (Johnson and Baines, 2011, Chang et al., 

1997, Roller et al., 2000). The NEC protein pUL34 is a membrane protein that 

accumulates on the inner nuclear membrane, whereas pUL31 is soluble and 

interacts with pUL34 to remain nearby (Reynolds et al., 2001, Shiba et al., 2000). 

Before the HSV1 nucleocapsid can interact with the NEC, it must first disperse the 

lamina network that coats the inner nuclear membrane (Arii, 2021). The lamina 

network is composed of lamins which are members of the intermediate filaments and 

are involved in several nuclear functions in addition to providing structural support 

(Gruenbaum et al., 2003). HSV1 is able to locally disrupt the lamina network through 

the activity pUL34 and viral kinases. pUL34 recruits the host protein kinase C to the 

nuclear rim where it phosphorylates lamin B, leading to lamina dissociation (Park 

and Baines, 2006). Further lamina disruption occurs through the viral kinase pUS3 

which phosphorylates lamin A and lamin C (Bjerke and Roller, 2006, Mou et al., 

2007).  

Once the lamina has been disrupted, the HSV1 nucleocapsid interacts with the NEC 

through the CVSC (pUL25) to bud into the perinuclear space (Yang and Baines, 

2011, Yang et al., 2014, Draganova et al., 2020). Primary envelopment is driven by 

the NEC and results in a vesicle containing a hexagonal lattice of NEC and the 

HSV1 nucleocapsid (Bigalke and Heldwein, 2015, Bigalke et al., 2014, Thorsen et 

al., 2021). Interestingly, HSV1 utilises the host ESCRT-III for vesicle scission during 

primary envelopment (Arii et al., 2018). The final step in nuclear egress is de-

envelopment, where the viral nuclear envelope fuses to the outer nuclear membrane 

releasing a membraneless HSV1 capsid into the cytoplasm. The viral protein kinase 

pUS3 is involved in de-envelopment, indicating that phosphorylation may play a role 

(Klupp et al., 2001). Once within the cytoplasm, the HSV1 nucleocapsid can 

progress towards the cytoplasmic membrane.  

 

5.1.6.7 Cellular Egress 

 

Upon entry into the cytoplasm, the nucleocapsid incorporates a variety of tegument 

proteins along with its final site of secondary envelopment (Sathish et al., 2012, 

Aneja and Yuan, 2017). After the KSHV particle has exited the nucleus, it acquires 

several tegument proteins. One tegument protein which is hypothesised to play a 

particularly important role as a tegument hub is pORF64 (Aneja and Yuan, 2017, 

Rozen et al., 2008). pORF64 is capable of interacting with a number of other 
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tegument proteins, capsid proteins and also glycoproteins (Rozen et al., 2008). This 

has led to predications that pORF64 is involved in the localisation of the KSHV 

nucleocapsids to the Golgi-derived vesicles for secondary envelopment (Aneja and 

Yuan, 2017). The recruitment of particular tegument proteins can be dependent upon 

other tegument proteins. For example, the knock-down of pORF33 or pORF38 

resulted in the loss of pORF45 (Wu et al., 2016, Gillen and Zhu, 2021). Tegument 

proteins have been further implicated in KSHV transport around the cell. The 

pORF45 tegument protein was found to interact with the kinesin-2 motor protein to 

facilitate anterograde transport along the microtubule network (Sathish et al., 2009). 

The microtubule system allows KSHV particles to travel from the perinuclear region 

to either the Golgi-derived vesicles for secondary envelopment, or to the cell 

periphery for cellular egress, respectively (Sathish et al., 2012, Sathish et al., 2009).  

The secondary membrane envelopment event occurs when the KSHV nucleocapsid 

buds into the endosomal or Golgi membrane. Secondary envelopment in KSHV 

transpires specifically at membrane-bound lipid rafts, where viral glycoproteins are 

enriched. The outer tegument protein pORF45 has been found to facilitate KSHV 

budding and egress by binding to lipid rafts within the endosomal or Golgi 

membranes (Wang et al., 2015). Once the KSHV virion has undergone secondary 

envelopment, the enveloped capsid will transit to the cell periphery within a 

temporary vesicle. The final stage in the herpesvirus life cycle is the exiting of the 

virion from the infected cell via a membrane-fusion event known as budding (Sathish 

et al., 2012). In KSHV, relatively less is known about this process when compared to 

other herpesviruses. However, during egress the KSHV virion loses its outermost 

vesicle membrane and the fully infectious enveloped KSHV virion is released from 

the cell (Mettenleiter, 2004).  

In HSV-1, the process of secondary envelopment and exocytosis is a complex, 

multistep process that involves a variety of host and viral proteins. Once in the 

cytoplasm, the HSV1 nucleocapsid recruits the outer tegument proteins. The inner 

tegument and CVSC member pUL36 is responsible for recruiting and binding the 

outer tegument protein pUL48 which then interacts with pUL46, pUL47 and pUL49 

(Owen et al., 2015, Vittone et al., 2005). Similarly to when the HSV1 nucleocapsid 

first enters the cell cytoplasm, the progeny virus uses the microtubule network to 

travel to the cell periphery. This time HSV1 co-opts kinesin rather than dynein for 

anterograde transport, with herpes infection causing disruption to the microtubule 

network (Naghavi et al., 2013, Miranda-Saksena et al., 2018, Diefenbach et al., 

2002). The inner tegument proteins pUL36 and pUL37 are needed for microtubule 

navigation, as occurs during entry, with pUL36 and pUL37 recruiting and binding to 

kinesin 1 and 2 (Radtke et al., 2010, Sandbaumhüter et al., 2013). Specifically, 
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pUL37 interacts with the microtubule network whereas pUL36 is responsible for 

recruiting pUL37 to the cytoplasmic nucleocapsid (Sandbaumhüter et al., 2013). 

HSV1 nucleocapsids use the microtubules network to travel to the sites of 

cytoplasmic envelopment, where they gain their viral envelope (Ahmad and Wilson, 

2020).  

The location of secondary envelopment in HSV1 has been subject to much debate, 

with locations such as the Golgi, trans-Golgi network and endocytic tubules (to name 

a few) potentially implicated (Henaff et al., 2012, Turcotte et al., 2005, Hollinshead et 

al., 2012, Owen et al., 2015). Regardless of which organelle HSV1 undergoes 

secondary envelopment in, HSV1 uses pUL37 to bind to gK (pUL20) within the host 

membrane (Pasdeloup et al., 2010, Chouljenko et al., 2016, Jambunathan et al., 

2014). Once bound, the nucleocapsid buds into the viral glycoprotein studded, 

membranous organelle, utilising the host ESCRT complex for vesicle curvature, 

scission and sealing (Barnes and Wilson, 2019). Tegument proteins play an 

important role in bridging the gap between capsid proteins, other tegument proteins 

and the cytoplasmic tails of the lipid-bound viral glycoproteins (Owen et al., 2015). 

Once enveloped, the HSV1 virion traffics to the cell surface within host vesicles, 

likely utilising the cell secretory pathway (Miranda-Saksena et al., 2009, Hogue et al., 

2014). Once at the outer membrane, HSV1 virions exit the cell, losing the outermost 

vesicle membrane (Ahmad and Wilson, 2020).  

 

5.1.7 Chapter Aims 

 

The herpesvirus life cycle has been well studied, however specific mechanisms that 

occur during infection remain unknown (Chang et al., 1994, McMahon et al., 2020). 

Previous work from Christopher Owen and Sophie Schumann (unpublished) from the 

Whitehouse laboratory found that KSHV upregulates the host miRNA miR-365a-3p 

(Owen, 2015). miR-365a-3p binds to and inhibits DOCK5 mRNA, downregulating 

DOCK5 production during KSHV lytic infection (Figure 5.6). When the inhibition of 

DOCK5 was interrupted through the use of the miRIDIAN microRNA hairpin inhibitor 

hsa-miR-365a-3p (Figure 5.6), the KSHV capsid protein SCP was found to 

accumulate within the cytoplasm through immunofluorescence microscopy (Figure 

5.7). This indicated that DOCK5 inhibition by KSHV plays an important role in KSHV 

egress (Owen, 2015).  

The DOCK (Dedicator of Cytokinesis) group is one of two families of guanine 

nucleotide exchange factors (GEFs), which activate the Rho family of GTPases by 

converting GDP to GTP. Rho GTPases are involved in the regulation of cell motility, 
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polarity and cytoskeleton reorganisation (Hodge and Ridley, 2016, Laurin and Côté, 

2014). There seems to be no clear defined function assigned to DOCK5 as it has 

been scarcely studied. But research so far suggests that it has a role in microtubule 

and actin regulation (Ogawa et al., 2014, Vives et al., 2011). Interestingly, this is not 

the first time that DOCK5 has been implicated in viral replication. Forst et al. (2017) 

found through a cell-based gene-expression study that influenza A modified the 

expression of DOCK5 within infected cells. Furthermore, when DOCK5 was knocked 

down through CRISPR/Cas9, there was a reduction in the production of influenza 

virus. They additionally identified that DOCK5 is involved in gene regulation that 

moderates several important cellular processes (e.g. Golgi-vesicle transport, pre-

mRNA processing and host defence) that influenza replication is dependent upon 

(Forst et al., 2017). The conclusion that DOCK5 regulates genes expression was 

similarly identified by Xu et al. (2017). The researchers suggested that DOCK5 and 

Rac1 control the expression of various genes through indirect phosphorylation 

events. When DOCK5 was inhibited, it resulted in multiple signalling cascades that 

caused rupture of lens cataracts in a mouse model (Xu et al., 2017). Besides 

influenza and KSHV, there is no other mention of DOCK5 being associated with viral 

infection. The aim of this chapter is to utilise the higher resolving power of TEM to 

elucidate further detail about the herpesvirus egress process (e.g. the structure and 

location of the trapped viral capsids) to identify if DOCK5 plays a role in KSHV 

and/or HSV1 egress.  
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Figure 5.6: The proposed mechanism of KSHV inhibition of Dock5.  

A schematic representation demonstrating KSHV upregulating the host microRNA 
(miRNA) miR-365a-3p, which inhibits DOCK5 mRNA, leading to a decrease in 
DOCK5 expression. This process can be averted through the use of the miRIDIAN 
microRNA hairpin inhibitor hsa-miR-365a-3p, which inhibits the complimentary host 
miRNA miR-365a-3p, preventing it from downregulating DOCK5 expression, 
resulting in normal DOCK5 levels. Figure made using BioRender. 
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Figure 5.7: miRIDIAN treatment of induced cells at 46 hpind results in the 
sequestering of KSHV SCP within the cell cytoplasm periphery  

KSHV latently infected TREx BCBL1-Rta cells were transfected with miRIDIAN 
microRNA hairpin inhibitor hsa-miR-365a-3p via electroporation and were induced 
with 2.0 µg/ml doxycycline and incubated for 46 hours post induction (A-H). TREx 
BCBL1-Rta cells were also induced without miRIDIAN treatment (I-L). Following 
incubation, cells were fixed and immunofluorescence staining performed with 
appropriate primary and secondary antibodies. Cells were then imaged by 
confocal immunofluorescence microscopy. The micrographs were taken by 
Sophie Schumann (unpublished) from the Whitehouse laboratory.  
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5.2 Herpesvirus Results  

 

5.2.1 Doxycycline induction successfully activates KSHV lytic infection  

 

Due to KSHV being primarily a latent virus, KSHV lytic infection must first be induced 

through the use of an activator such as doxycycline. To study the effect of DOCK5 

on KSHV egress, first I had to optimise lytic viral infection. TREx cells were induced 

with 2.0 µg/ml doxycycline and incubated for four separate time points representing 

early, mid and late KSHV infection (Jackson et al., 2011). At the relevant time points 

the cells were lysed, equalised with a Pierce™ BCA protein assay kit and loaded into 

an SDS-gel.  A western-blot analysis was performed and successful KSHV lytic 

activation was confirmed through the detection of the essential KSHV protein 

pORF57 which is frequently used as a lytic indicator (Figure 5.8) (Pilkington et al., 

2012). pORF57 expression was present at all of the time points analysed, except the 

mock which had no expression detected. This indicates that doxycycline successfully 

activates the KSHV lytic life cycle.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8: Doxycycline induction induces pORF57 production 

KSHV latently infected TREx BCBL1-Rta cells were induced with 2.0 µg/ml doxycycline (dox) 
and incubated for 36, 48, 60, and 72 hours post induction. Whole cells were lysed, and protein 
levels were equalised using the Pierce™ BCA protein assay kit. Samples were then separated 
by SDS-PAGE (10% acrylamide gel) and analysed via western blot (n=1). The antibodies used 
were specific to pORF57, and GAPDH. pORF57 was used as an indicator of successful lytic 
induction and GAPDH was used as a loading control.   
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5.2.2 KSHV-induced cells have nuclear capsids at 46 hpind 

 

Previous work from Christopher Owen and Sophie Schumann found via western blot 

and immunofluorescence microscopy that preventing KSHV inhibition of DOCK5 

resulted in the accumulation of capsids in the cytoplasm (Owen, 2015). EM has a 

higher resolving power compared to light microscopy due to the shorter wavelengths 

of electrons compared to light (Smith, 2008). Therefore, TEM could be used to 

identify more details regarding this phenomenon. For the experiment 46 and 72 

hours post induction (hpind) (representing mid and late infection respectively) were 

selected based upon Christopher Owen’s previous experiments (Owen, 2015). TREx 

cells were induced with the same induction method as above (Figure 5.8), fixed, 

embedded in resin, sectioned, stained and finally imaged via TEM. 

The mock-induced cells (Figure 5.9) possessed a normal cell architecture of intact 

cellular membranes with no empty spaces within the cytoplasm or nucleus. This 

normal cell structure was also present in the 46 hpind KSHV infected cells (Figure 

5.10), however there were signs of viral infection. Numerous KSHV capsids were 

present within the nucleus of infected cells. Capsids had an icosahedral shape and 

diameter of ~125 nm which matches the literature (Dünn-Kittenplon et al., 2019). 

Capsids possessed either an electron dense punctum of KSHV DNA (C-capsid), or 

were empty (A-capsid) (Gardner and Glaunsinger, 2018). Only four suspected 

virions were identified within the cytoplasm of KSHV-induced cells. The nucleus also 

possessed large aggregates which were not present in the mock induced cells and 

have a similar morphology to viral replication sites identified in the literature. In the 

cytoplasm of induced cells, RER-like tubules were also observed (Figure 5.10, D). At 

46 hpind, cells had signs of viral infection, but no abundance of cytoplasmic virions.  
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Figure 5.9: 46 hpind KSHV mock-induced cells 

KSHV latently infected TREx BCBL1-Rta cells were mock induced and incubated for 46 hours. 
Following incubation, cells were processed for TEM. Micrographs A-B, C-D, and E-F are three 
different cells, with higher magnification images being shown on the right. The nucleus (Nu), 
mitochondria (Mi), and rough endoplasmic reticulum (RER) are labelled accordingly. Scale bar for 
the lower magnification represents 1 μM with the highest magnification scale bar represents 500 
nm. 
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Figure 5.10: 46 hpind KSHV-induced cells 

KSHV latently infected TREx BCBL1-Rta cells were induced with 2.0 µg/ml doxycycline 
and incubated for 46 hours. Following incubation, cells were processed for TEM. 
Micrographs A-B, C-D, and E-F are three different cells, with higher magnification images 
being shown on the right. The nucleus (Nu), tubules (Tub), capsids (C) and replication 
sites (RS) are labelled accordingly. Scale bars for the lower magnification represents 1 
μM with the highest magnification scale bar on the right representing 500 nm. 
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5.2.3 Large KSHV nuclear replication sites used as indicators of viral 
induction  

 

Inspecting cells for signs of viral infection can be low-throughput due to the small 

size of viral capsids and the complex nature of cells. This means that each cell 

imaged must be viewed at a high magnification to confirm viral infection. Large viral 

structures can be useful as viral signposts, allowing me to focus on imaging cells that 

have been successfully induced. Large nuclear aggregates were observed in the 

nucleus of cells that had other signs of viral infection(Figure 5.11). The structures 

were large and varied, with an average area of 4 µm2 +/- 7 µm2 (n = 21) (measured 

using ImageJ) and matched the KSHV core-like material identified by (Yu et al., 

1999) or the capsid assembly sites identified by (Friborg et al., 1999). In this thesis I 

will refer to these structures as replication sites as it encompasses both of the terms 

mentioned above. The replication sites characterised by a multitude of dense 

electron puncta clustered in discrete locations of the nucleus and were flanked by 

KSHV capsids. The replication sites had a smaller adjacent mass which was 

extremely electron dense. The large size of the KSHV replication sites means it can 

be used as a viral indicator at low magnifications.  
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Figure 5.11: A collection of KSHV replication sites in induced cells at 46 hpind 

KSHV latently infected TREx BCBL1-Rta cells were induced with 2.0 µg/ml 
doxycycline and incubated for 46 hours. Following incubation, cells were processed 
for TEM. Micrographs A-C are three different cells. The nucleus (Nu) and replication 
sites (RS) are labelled accordingly. Scale bar represents 500 nm. 
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5.2.4 No cytoplasmic capsids in miRIDIAN-treated, KSHV-induced cells 
at 46 hpind 

 

To confirm whether the inhibition of KSHVs knockdown of DOCK5 resulted in viral 

accumulation within the cytoplasm, cells were transfected with hsa-miR-365a-3p via 

electroporation, induced, incubated and then prepared for TEM (Figure 5.12). Cells 

that were treated with hsa-miR-365a-3p were indistinguishable from untreated cells 

(Figure 5.10). No signs of CPE were observed and KSHV capsids (type A and C) 

were found within the nucleus alongside viral replication sites. No capsids were 

found within the cytoplasm of any cells imaged. There were however modulated 

RER membranes (Figure 5.12, C) like those seen in figure 5.10, D. 
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Figure 5.12: 46 hpind KSHV-induced cells transfected with hsa-miR-365a-3p 

KSHV latently infected TREx BCBL1-Rta cells were transfected with miRIDIAN microRNA 
hairpin inhibitor hsa-miR-365a-3p via electroporation. 24 hours later the cells were induced with 
2.0 µg/ml doxycycline and incubated for 46 hours. Following incubation, cells were processed 
for TEM. Micrographs A-B, C-D, and E-F are three different cells, with higher magnification 
images being shown on the right. The nucleus (Nu), mitochondria (Mi), tubules (Tub) and 
capsids (C) are labelled accordingly. Scale bars for the lower magnification represents 1 μM 
with the highest magnification scale bar on the right representing 500 nm. 
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5.2.5 KSHV lytic infection remodels RER at 46 hpind in both treated and 
untreated conditions.  

 

Across both untreated and treated conditions, irregularly shaped tubule structures 

were observed within the cytoplasm of 46 hpind cells (Figure 5.10 and Figure 5.12). 

These structures were morphologically similar to the ER; i.e. tube-like constructs with 

an outer membrane., and had a granular texture indicating that they were derived 

from the RER rather than SER. The tubules appeared in dense connected clusters 

whereas the mock induced RER often appears as long thin tubules which are spread 

out throughout the cytoplasm (Figure 5.13, A). Furthermore, the inner lumen of the 

modified RER had a greater electron density than the surrounding cytoplasm. 

Whereas normal RER is often electron lucent, appearing white compared to the 

surrounding cytoplasm. Not all the RER in the cell was modified, as can be seen in 

figure 5.13, D, where normal RER with an electron lucent lumen can be seen 

connected to the modified RER tubules. Also, only one cluster of modified RER 

tubules was found per cell. In the 46 hpind cells, 62 % of the total 82 RER imaged 

were modified, with 55 % of the 77 total RER imaged in 46 hpind transfected cells 

being modified. None of the 62 total imaged RER in mock induced cells had modified 

RER. In conclusion, KSHV lytic infection may modify the RER, creating a singular 

mass of interconnected tubules.  
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Figure 5.13: A collection of RER tubules across different conditions.  

KSHV latently infected TREx BCBL1-Rta cells were either mock induced (A), induced 
with 2.0 µg/ml doxycycline (B), or transfected hsa-miR-365a-3p and then induced 24-
hours later (C-D). Cells were incubated for 46 hours and then processed for TEM. All 
micrographs are from different cells. The nucleus (Nu), mitochondria (Mi), rough 
endoplasmic reticulum (RER), Golgi (Go), and tubules (Tub) are labelled accordingly. 
Scale bar represents 500 nm. 
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5.2.6 No accumulation of cytoplasmic capsids in miRIDIAN-treated, 
KSHV-induced cells at 72 hpind 

 

There were very few cytoplasmic capsids seen at the mid-infection time point of 46 

hpind. Therefore, 72 hpind was imaged to assess if cytoplasmic capsids increase in 

concentration during late infection (Figure 5.14). Due to small difference in time 

between 46 hpind and 72 hpind, only one mock infected control was used (Figure 5.9). 

The most obvious observation at 72 hpind was the large number of dead cells. Of the 

50 cells imaged, 78 % were dead. Cell were classified as dead by the presence of 

severe cellular and nuclear membrane damage, low cytoplasmic density and 

occasional loss of nuclear chromatin. Cytoplasmic virions were identified in low 

frequency (Figure 5.14, B and F), with nuclear capsids seen more often (Figure 5.14, 

D). The cytoplasmic virions were enveloped and had another surrounding vesicular 

membrane. The extra outer membrane indicates that the KSHV nucleocapsid had 

undergone secondary envelopment (Wang et al., 2015).  

Next, the cells that were transfected with hsa-miR-365a-3p and incubated for 72 

hpind were imaged (Figure 5.15). Like the untreated 72 hpind cells below (Figure 5.14) 

treated cells had a high death rate, with 85 % of the 20 cells imaged being dead. 

Furthermore, nuclear capsids and cytoplasmic virions were identified, although none 

of the cytoplasmic virions were clustered. Like the untreated 72 hpind cytoplasmic 

virions, the treated virions were found within suspected Golgi vesicles (Figure 5.15). 

A collection of all potential cytoplasmic virions across all conditions can be seen 

below. Differences in virion morphology is due to the production of different capsid 

types (A-C). Of note, in figure 5.16, W a virion can be seen within an electron dense 

vesicle. Similarly, electron dense vesicles were present in other transfected cells at 

72 hpind. With only 24 cytoplasmic capsids being imaged by TEM across all 

conditions, it was concluded that the induction process had to be optimised and 

other quantification techniques employed to investigate the role of DOCK5 on KHSV 

egress. As no capsids were found in either condition, a western blot was not used to 

confirm the successful transfection with hsa-miR-365a-3p as it was unnecessary 

without visible cytoplasmic capsids. The western blot would probe for DOCK5, if the 

cells had been successfully transfected then DOCK5 levels in transfected cells would 

be comparable to the non-infected control.  
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Figure 5.14: 72 hpind KSHV-induced cells 

KSHV latently infected TREx BCBL1-Rta cells were induced with 2.0 µg/ml doxycycline and 
incubated for 72 hours. Following incubation, cells were processed for TEM. Micrographs A-B, 
C-D, and E-F are three different cells, with higher magnification images being shown on the 
right. The nucleus (Nu) and virions (V) are labelled accordingly. Scale bars for the lower 
magnification represents 1 μM with the highest magnification scale bar on the right 
representing 500 nm. 
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Figure 5.15: 72 hpind KSHV-induced cells transfected with hsa-miR-365a-3p 

KSHV latently infected TREx BCBL1-Rta cells were transfected with miRIDIAN microRNA 
hairpin inhibitor hsa-miR-365a-3p via electroporation. 24 hours later the cells were induced 
with 2.0 µg/ml doxycycline and incubated for 72 hours. Following incubation, cells were 
processed for TEM. Micrographs A-B, C-D, and E-F are three different cells, with higher 
magnification images being shown on the right. The nucleus (Nu), capsids (C) and virions 
(V) are labelled accordingly. Scale bars for the lower magnification represents 1 μM with 
the highest magnification scale bar on the right representing 500 nm. 
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Figure 5.16: A collection of cytoplasmic virions across different KSHV-induced 
conditions.  

KSHV latently infected TREx BCBL1-Rta cells were either mock induced, induced with 2.0 
µg/ml doxycycline, or transfected hsa-miR-365a-3p and then induced 24-hours later. Cells were 
incubated for 46 or 72 hours and then processed for TEM. Scale bar represents 130 nm.   
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5.2.7 Electron-dense vesicles present at 72 hpind in miRIDIAN-treated 
cells 

 

Due to there being no obvious viral accumulation in the hsa-miR-365a-3p treated 72 

hpind cells, I scrutinised the cells for any additional differences. As mentioned earlier, 

a number of transfected cells had electron dense vesicles. 30 % of the 20 treated 

cells imaged had cytoplasmic vesicular structures (Figure 5.17), with no comparative 

vesicles being identified in the mock induced or untreated 72 hpind cells. These 

vesicles first drew my attention when a suspected virion was identified within one of 

the electron dense vesicles (Figure 5.16, W). These vesicles were characterised by 

being electron dense, spherical and possessing an outer membrane. However, the 

electron density made it difficult to identify any internal features. The presence of an 

enveloped KSHV virion being present within a vesicle implies that it could be derived 

from the Golgi as this is the final stage of the KSHV lifecycle prior to egress (Aneja 

and Yuan, 2017).  

Only one KSHV virion was found within an electron dense vesicle, but it raises the 

question as to whether the other electron dense vesicles also contained KSHV 

virions. One technique which could be used to further investigate this could be 

CLEM. CLEM is a technique that combines the resolving power of EM with the 

targeting ability of FM (Vijayakrishnan et al., 2020, de Boer et al., 2015, Santarella-

Mellwig et al., 2018a, Bykov et al., 2016). CLEM has been used numerous times to 

study viruses, its ability to highlight features of interest in often overcrowded and 

complex cell sections is invaluable in understanding viral life cycles. For example, 

CLEM was used to further understand the structure and creation HCV associated 

membrane structures. HCV forms membranous webs from clustered vesicles in the 

cytoplasm of infected cells which act as sites of RNA replication. Through CLEM and 

other techniques, researchers found that the webs were derived from the ER and 

possessed RER, mitochondrial and late endosome markers (Romero-Brey et al., 

2012b). This technique could be applied to KSHV by fluorescently tagging Golgi and 

KSHV capsids to seeing if they co-localise, then these locations can be viewed in 

greater detail via TEM to identify whether these regions correspond to the electron 

dense vesicles seen in figure 5.17. 
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Figure 5.17: A comparison of electron-dense cytoplasmic vesicles across induced and 
transfected cells at 72 hpind 

KSHV latently infected TREx BCBL1-Rta cells were transfected with hsa-miR-365a-3p and 
then induced 24-hours later with 2.0 µg/ml doxycycline. Cells were incubated for 72 hours and 
then processed for TEM. The nucleus (Nu) and vesicles (arrowhead) are labelled accordingly. 
Scale bar represents 1 μM. 
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5.2.8 None of the three KSHV capsid antibodies tested produced reliable 
results 

 

Due to the low concentration of KSHV cytoplasmic virions in both hsa-miR-365a-3p 

treated and untreated cells, it was necessary to optimise KSHV induction. The 

process of TEM is low throughput, taking a week to embed cells in resin, with 

sectioning and imaging also being a slow process. A quicker way to quantify 

cytoplasmic KSHV capsids would be through western blot analysis. An antibody 

could target KSHV capsids in a cytoplasmic fraction and be resolved via western blot 

to quantify relative capsid levels.  

To start with, I wanted to validate the use of the KSHV capsid antibody. Firstly, I 

used the KSHV MCP protein pORF25 which was kindly donated by the Whitehouse 

laboratory. The pORF25 antibody had no bands when incubated with a western blot 

membrane. The same occurred for the KSHV SCP pORF65 primary antibody which 

also had no band. Finally, I attempted to use the KSHV pORF62 TRI-1 antibody 

which produced inconsistent results (Figure 5.18). Initially bands were present in 

induced cells. However upon repeat, the bands appeared primarily in the mock 

induced control (Figure 5.18, A). Finally, a western blot was performed with only 

mock induced cells to confirm whether non-specific binding was occurring (Figure 

5.18, B). Mock-induced TREx samples were resolved via western blot analysis in 

triplicate (biological repeats) alongside HFF1 cells, also in triplicate. The HFF1 cell 

line was included as TREx cells can have occasional spontaneous lytic activation 

(Renne et al., 1996). HFF1s have no KSHV genome within the nucleus and therefore 

there was no possibility of any KSHV capsids being within the cytoplasm. Therefore, 

no pORF62 band should appear unless there is non-specific binding. The presence 

of a faint band across all six negative controls confirms that the antibody had non-

specific binding. This was confirmed by a comparison between the blot and ponceau 

stain (Figure 5.18, C) which showed that the pORF62 antibody was binding to most 

of the protein present on the blot. The inability to find a working KSHV capsid 

antibody prevented quantifying cytoplasmic KSHV capsids via western blot.  
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Figure 5.18: Assessing the validity of the KSHV capsid antibody pORF62 for 
western blot analysis  

KSHV latently infected TREx BCBL1-Rta (TREx) cells were induced with 2.0 
µg/ml doxycycline and incubated for 36, 48, 60, and 72 hpind and then cytoplasmic 
cell lysates were isolated by subcellular. Cytoplasmic fractions were then 
separated by SDS-PAGE (10 % acrylamide) and analysed via western blot (n=1) 
(A). TREx and human foreskin fibroblasts (HFF1) cytoplasmic cell lysates were 
isolated by subcellular fractionation in triplicate (biological repeat). Cytoplasmic 
fractions were then separated by SDS-PAGE (10 % acrylamide) and analysed via 
western blot (n=3) (B). The antibodies used were specific to pORF62, lamin B1, 
and GAPDH. pORF62 was used as a qualitative indicator of KSHV capsid 
quantity, lamin B1 was used as a nuclear marker to confirm cytoplasmic fraction 
purity, and GAPDH was used as a loading control. A side-by-side comparison of 
the full nitrocellulose membrane from B stained with Ponceau S and the same 
membrane that was later bound with pORF62. A dashed line has been used to 
indicate the region highlighted in B (C). 
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5.2.9 A comparison of the effect of different KSHV induction methods on 
TREx cell viability 

 

Whilst working on selecting a KSHV capsid antibody, I also tried to determine if a 

different induction technique would increase the lytic KSHV response (Figure 5.19). 

Before the creation of the doxycycline inducible BCBL1 cell line, non-specific gene 

activators were used to activate KSHV lytic infection (Nakamura et al., 2003, Myoung 

and Ganem, 2011). Such pleiotropic inducers included TPA (Naranatt et al., 2003, 

Yu et al., 1999, Nichols et al., 2011, Chen et al., 2019a), NaB (Yu et al., 1999, Martin 

et al., 2021, Sharma et al., 2019), TPA-NaB combination (Hughes et al., 2015, 

Baquero-Pérez and Whitehouse, 2015, Simpson et al., 2018, Long et al., 2021), VPA 

(Wei et al., 2020, Sharma et al., 2017, Dai et al., 2017, Kook and Ziegelbauer, 2021, 

Ayers et al., 2018), cobalt chloride (Nichols et al., 2011) and 5-azacytidine (Yan et 

al., 2019). I opted to select the four most frequently used, NaB, TPA, NaB-TPA 

combination and VPA. NaB and VPA are short chain fatty acids that act as a histone 

deacetylase inhibitors, preventing the formation of heterochromatin and allowing for 

transcription factors to access silenced genes. This results in non-specific gene 

expression, including the activation of the KSHV genome (Berni Canani et al., 2012, 

Fan et al., 2005). TPA however, stimulates the mitogen-activated protein kinase 

/extracellular signal-regulated kinase pathway, resulting in the phosphorylation and 

activation of Rta, triggering the KSHV lytic cycle (Cohen et al., 2006). In addition to 

the different inducers, different concentrations of the inducing agents were used. For 

doxycycline two lower concentrations of 0.2 and 1.0 µg/ml were used alongside the 

original 2.0 µg/ml. For VPA 0.6- and 1.2-mM concentrations were used as a middle-

ground for the wide range of VPA concentration in the literature. The collection of 

different induced TREx cell growth curves can be seen below in Figure 5.19, A-D, 

with Figure 5.19, E representing a compilation of the different induction methods. 

The compilation graph has percentage viable counts normalised against the 

respective mock-induced negative control. 

When carrying out the TREx growth curves, the original plan was to measure the 

viability via automatic cell counter and then carry out a western blot with the cell 

lysates to quantify capsid number. The inability to find a working KSHV capsid 

antibody severely hampered the scope of these findings. However, viability counts 

are still useful alone. In KSHV 72hpind untreated and treated conditions (Figure 5.14 

and 5.15) the majority of cells were dead (78 % and 85 % respectively). Cell death 

compromises outer membrane integrity, making it impossible to ascertain whether 

DOCK5 is involved in herpesvirus egress. Therefore, the induction conditions 
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selected must have higher viability rates than that seen at 72 hpind in 2.0 µg/ml 

doxycycline induction (~40%). Although most induction methods have an equal to or 

lower viability of 40 % at 72 hpind (apart from TPA, NaB. and NaB-TPA combined), 

selecting the earlier time point of 60 hpind might be more successful. 60 hpind is still a 

late infection time point and viability has not dropped as much as at 72 hpind for most 

conditions. After 72 hpind, most controls start to suffer drops in viability (likely due to 

cell starvation), making time points after 72 hours unsuitable. From Figure 5.19, E, It 

can be seen that the NaB, TPA and NaB-TPA induction techniques have a higher 

viability when compared to induction with 2.0 µg/ml doxycycline from 48 to 72 hpind. 

Interestingly, TPA alone leads to no cell net loss of viability when compared to the 

TPA mock induced condition (Figure 5.19, C) indicating that the TPA induction was 

not successful. This is even more apparent when comparing the NaB and NaB-TPA 

combination induction techniques which have very similar viability throughout all time 

points, indicating that potentially only NaB was active. The failure of TPA induction is 

likely due to either human error when calculating concentration, or expiry of the 

chemical. Regardless, a western blot targeting the lytic signal pORF57 can be used 

for confirmation of induction failure. Due to the failure of the TPA inductions, next I 

would further investigate whether NaB induction alone is capable of producing more 

KSHV cytoplasmic capsids than induction with 2.0 µg/ml doxycycline. 
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Figure 5.19: TREx cell growth curves for different KSHV lytic induction methods 

TREx BCBL1-Rta (TREx) cells were induced with either 0.2 or 1.0 µg/ml doxycycline, 
with cell viability calculated using an automatic cell counter every 12 hours from 36 to 
96 hpind (A). The same as A, but cells were induced with 2.0 µg/ml doxycycline for up 
to 72 hpind (B). TREx cells were induced with 12-O-tetradecanoyl-phorbol-13-
acetate (TPA), sodium butyrate (NaB), and both TPA and NaB for up to 120 hpind (C). 
TREx cells were induced with 0.6 and 1.2 mM valproic acid (VPA) (D). The viable cell 
percentages from A-D compiled into a single graph with the percentage viable counts 
normalised/corrected against their relative mock-induced negative control (E).  
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5.2.10 Dock5 antibody binds to mid-sized protein  

 

To ascertain whether HSV1 infection knocks down DOCK5 like KSHV, I quantified 

DOCK5 by western blot analysis (Figure 5.20). Cells infected with HSV1 at 12 hpinf 

were selected as the time point based on the findings in figure 5.22. DOCK5 is a 215 

kDa protein, yet the Thermo Fisher page shows a blot with the Dock5 band at ~250 

kDa (ThermoFisher, UniProt, 2022). On the first western blot (Figure 5.20, A) a band 

appeared in the 75-100 kDa size range, drastically smaller than the 215 kDa size of 

DOCK5 or the expected 250 kDa band. However, another fainter band can be seen 

above at the correct size range (~250 kDa) for mock 1. Due to the large size of 

DOCK5, I decided to optimise the SDS-PAGE by using 8% acrylamide (rather than 

the original 10%) and by using the high molecular weight protein transfer setting on 

the BIO-RAD Trans-blot® Turbo™. Both the lower and higher bands increased in 

intensity, with the faint band at ~250 kDa appearing for all samples (Figure 5.20, B). 
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Figure 5.20: Optimization of Dock5 western blots.  

(A) Human foreskin fibroblasts (HFF1s) were infected with HSV1 and the cells were lysed 
at 12 hpinf. The cell lysate protein levels were equalised using the Pierce™ BCA protein 
assay kit and (then separated by SDS-PAGE (10% acrylamide gel) and analysed via 
western blot (n=2). The antibodies used were specific to DOCK5 and GAPDH. DOCK5 was 
used to identify any changes in DOCK5 expression between infected and mock infected 
cells, and GAPDH was used as a loading control. (B) The same as (A) except an 8% 
acrylamide gel was used for the SDS-PAGE and the high molecular weight setting was 
used on the BIO-RAD Trans-blot® Turbo™ Transfer System for the semi-dry protein 
transfer.  
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5.2.10.1 Smaller western blot band caused by protein cleavage  

One possible cause of the band appearing at a lower size could be due to protein 

degradation. Protein degradation can occur due to a number of reasons, such as 

protein extraction and storage. During protein extraction (e.g., cell lysis), proteins can 

be exposed to cell proteases or peptidases resulting in protein breakdown (Gorr and 

Vogel, 2015, Bass et al., 2017, Mishra. et al., 2017). Although cells were lysed on ice 

to slow proteolytic processes, no protease inhibitors were added. Due to the 

absence of protease inhibitors during cell lysis, it is possible that the smaller DOCK5 

fragment originates from unwanted proteolysis. As a result, I decided to prepare 

fresh cell lysates with protease inhibitors in my following attempts (Figure 5.21).  

 

5.2.11 Dock5 identified in the nuclear fraction of HFF1 and TREx 
cells  

 

From the previous western blot (Figure 5.20) several issues occurred. Firstly, the 

absence of a protease inhibitor likely resulted in DOCK5 fragmenting, so new cell 

lysates were prepared containing protease inhibitors. The cell lysates were created 

from HFF1 and TREx cell lines in triplicate, with TREx cells being used as it was 

relevant to optimise the DOCK5 antibody in TREx cells for the KSHV study. Finally, 

to confirm that the antibody binds to the correct target, a negative control will be 

included. DOCK5 was identified in intestinal epithelial cells to be located at the cell 

membrane (Sanders et al., 2009, UniProt-Consortium, 2020). Furthermore, DOCK5 

was located within the peripheral ruffles of epithelial cells (Frank et al., 2017). 

Consequently, as DOCK5 is expressed in most cells and creating a DOCK5 knock-

out would take too long, I decided to use the cell nuclear fraction as a negative 

control (Berglund et al., 2008, Thul et al., 2017, Human-Protein-Atlas).  

In the western blot repeat (Figure 5.21) no band was seen at 250 kDa in the 

cytoplasmic fraction. Also, the previously seen 75-100 kDa band from figure 5.20 

was not visible, suggesting that the protease inhibitor was successful. Interestingly, 

in the nuclear fraction a double band was present across all samples at the 

~250 kDa mark. Although all bands were around the 250 kDa mark, the three HFF1 

samples were slightly lower. The second repeat of the western blot resulted in a 

smudged band at the 250 kDa mark in the nuclear fraction (data not shown). I was 

unable to repeat this again due to time constraints.  
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Figure 5.21: DOCK5 western blot of cytoplasmic and nuclear fractions  

Human foreskin fibroblasts (HFFs) and TREx BCBL1-Rta (TREx) cytoplasmic (A) 
and nuclear cell lysates (B) were isolated by subcellular fractionation and then 
were equalised using the Pierce™ BCA protein assay kit. Samples were then 
loaded onto a 6% acrylamide gel and analysed via western blot (n=2). The 
antibodies used were specific to DOCK5, lamin B1 and GAPDH. DOCK5 was 
used to identify DOCK5 levels with Lamin B1 and GAPDH being used as both 
loading controls and as nuclear and cytoplasmic markers (respectively) to confirm 
fraction purity. 
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5.2.12 Optimisation of HSV1 production and time course  

 

Whilst I was having issues with finding working KSHV capsid antibodies I decided to 

test if the requirement of DOCK5 previously showed for KSHV egress was also 

required for other herpesviruses. HSV1 has been studied to a greater extent than 

KSHV and so there are more commercial antibodies available (e.g., on abcam there 

are 36 primary antibodies available for HSV1, versus 7 for KSHV). Furthermore, 

when cells are infected with HSV1 in vitro, the virus requires no artificial induction to 

enter lytic production. This makes it easier to identify cytoplasmic capsids when 

imaging HSV1 infected cells through TEM. This translates directly into more cellular 

TEM research into the HSV1 lifecycle (Miranda-Saksena et al., 2002, Zerboni et al., 

2012, Wild et al., 2015, Arii et al., 2020, Wild et al., 2017).  

In preparation for investigating the role of DOCK5 on HSV1 egress, I decided to 

optimise HSV1 propagation and also select the optimum time point to image 

cytoplasmic capsids in the HSV1 infection life cycle. The best time point to image 

HSV1 egress would be late enough that HSV1 virions are exiting cells, yet not so 

late that the majority of cells have died. The literature indicates that 24 hours covers 

the HSV1 life cycle, with the 10-20 hpinf range being optimum for HSV1 virions 

present within the cytoplasm. A 24-hour infection time course was performed, with 

HFF1 cells imaged and lysed, and the supernatant collected every 6 hours (6, 12, 18 

and 24 hpinf) (Figure 5.22). To ascertain the degree of CPE and cell death at each 

time point, cells were imaged via phase-contrast light microscopy (Figure 5.22, A). 

CPE was characterised by cell rounding and loss of cell monolayer (due to lysis) 

(Anderson et al., 2014). Low levels of CPE were identifiable as early as 6 hpinf when 

compared to the mock, with cell lysis becoming evident from 18 hpinf. At 24 hpinf the 

majority of cells showed signs of CPE and ~50% of the monolayer had been lost.  

Next, the collected supernatant was used for a plaque assay to ascertain the amount 

of HSV1 virions being produced at each time point (Figure 5.22, B-C). HSV1 plaques 

were present at 6 hpinf and by 24 hpinf the entire monolayer had been destroyed (at 

the 10-3 serial dilution), indicating continual infection virion production. The greatest 

increase in HSV1 viral titre occurred between 0 and 12 hpinf, with the viral titre 

plateauing afterwards. Finally, the cells at each of the time points were lysed via 

subcellular fractionation to separate nuclear and cytoplasmic fragments, loaded into 

an SDS-PAGE gel and then analysed via western blot (Figure 5.22, D). The HSV1 

MCP (pUL19) primary antibody was incubated with the cytoplasmic fraction to 

comparatively quantify the amount of HSV1 capsids in the cytoplasm at each time 

point. A faint band can be seen at 6 hpinf which builds in intensity until 18 hpinf where 
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the band thickness caps. From the results in figure 5.22, 12 hpinf was selected as the 

optimum time point for imaging HSV1 cytoplasmic capsids. This was based on the 

low level of CPE and cell death (Figure 5.22, A), the successful egress of infectious 

virions (Figure 5.22, B-C) and the presence of HSV1 capsids within the cytoplasm of 

infected cells (Figure 4.2.1, D). 
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Figure 5.22: Successful propagation of HSV1 and the optimum time point for 
cytoplasmic capsid concentration.  

Confluent human foreskin fibroblasts (HFF1s) were infected with HSV1 (MOI = 4) and 
then incubated for 6, 12, 18, and 24 hours. The HFF1 cell monolayer was then imaged 
to document cytopathic effect by phase-contrast light microscopy. Images were taken at 
40x magnification and scale bars represent 100 µm. (B-C) The cell supernatants from 
(A) were collected and a plaque assay was conducted to calculate the viral titre. The 
images from (B) show the crystal violet-stained cell monolayer and plaques of the 10-3 
dilution for the different time points and the graph from (C) has the results displayed on 
a log scale, suitable dilution ranges were selected for each time point. (D) The HFF1s 
infected with HSV1 from (A) were then harvested, and the cytoplasm was isolated via 
subcellular fractionation. The cytoplasmic cell lysate protein levels were equalised using 
the Pierce™ BCA protein assay kit and then then separated by SDS-PAGE (10% 
acrylamide gel) and analysed via western blot (n=3). The antibodies used were specific 
to HSV1 major capsid protein (MCP [pUL19]), lamin B1, and GAPDH. MCP was used as 
a qualitative indicator of HSV1 capsid quantity, Lamin B1 was used as a nuclear marker 
to confirm cytoplasmic fraction purity, and GAPDH was used as a loading control. 
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5.3 Herpesvirus Discussion 

 

The aim of this chapter was to investigate the role of DOCK5 in herpesvirus egress 

using TEM. To test this, KSHV infected cells were transfected with the microRNA 

hairpin inhibitor hsa-miR-365a-3p to prevent the downregulation of DOCK5 by 

herpesviruses, and the cells were then imaged by TEM. Furthermore, the process 

was investigated in HSV1 through western blot analysis. It was found that the KSHV 

induction method does not result in the production of enough KSHV cytoplasmic 

capsids to be imaged by TEM. Additionally, signs of ER restructuring was detected in 

KSHV induced cells. Finally, DOCK5 was identified within the nucleus of two 

different cell types by western blot analysis.  

 

5.3.1 KSHV remodels host ER similarly to alpha- and betaherpesviruses  

 

In KSHV infected cells, signs of ER restructuring was identified at 46 hpind (Figure 

5.13). Herpesviruses are known to interact with the ER as part of their life cycle. In 

the alphaherpesvirus HSV1, viral capsids can travel directly through the ER and then 

into the Golgi before exiting the cell (Wild et al., 2017). It has also been found that 

HSV1 infection results in the temporary enlargement of the ER during infection, 

possibly due to enhanced lipid and protein synthesis (Lv et al., 2019b, Sutter et al., 

2012). Furthermore, Maeda et al. (2017) observed that HSV1 compresses the ER 

around the nuclear periphery using the NEC protein pUL34. The compression of the 

ER around the nucleus by HSV1 results in the accumulation of the viral glycoproteins 

gB and gH within the nuclear membranes, aiding in nuclear egress (Maeda et al., 

2017). Other herpesviruses can also remodel host ER membranes e.g. the 

betaherpesvirus HCMV. HCMV is able to induce the re-organisation of the ER 

through the ER-resident glycoprotein pUL148. pUL148 alone is able to induce a 

ruffled morphology in the ER by a currently unknown mechanism, which is 

hypothesised to create an environment more suited for viral protein folding (Nguyen 

et al., 2020, Zhang et al., 2019). I could find no mention of ER remodelling by the 

gammaherpesvirus EBV in the literature.   

In KSHV the process is slightly different: nucleocapsids do not travel directly through 

the ER, but rather travel through the cytoplasm where they bud into the viral protein-

studded Golgi (Long et al., 2022). KSHV does however fold structural and non-

structural viral proteins within the RER which then transit into the Golgi where they 

join with the KSHV nucleocapsid (Johnston et al., 2019). The presence of viral 

proteins within the RER could result in the modified RER having the greater electron 
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density seen in the micrographs (Figure 5.13). Furthermore, KSHV has a precedent 

of interacting with the ER-remodelling atlastins. Atlastins are host GTPases that 

control ER membrane structure and have been shown to regulate KSHV lytic 

infection. It was found that the overexpression of atlastins boosted KSHV lytic 

activation, with the inhibition of atlastin achieving the opposite (Long et al., 2022). 

There is no mention of KSHV restructuring the ER in the literature, however the 

paper by Maeda et al. (2017) suggested that their finding of ER restructuring by 

HSV1 was the first of its kind for herpesviruses, so the subject has not been well 

studied.   

The restructuring of the ER by herpesviruses is a new topic and so warrants further 

investigation. The restructuring of the ER by KSHV could be studied structurally 

through techniques such as cellular tomography or FIB milling which have been 

mentioned in previous chapters. The study of the ER restructuring by KSHV in 3D 

could reveal more detailed information regarding the ER morphology than is 

available by 2D TEM. Additionally in the research above, the viral factors for 

herpesvirus remodelling have been specified. Although the HCMV protein pUL148 

has no orthologue in KSHV, the HSV1 protein pUL34 does (Maeda et al., 2017, 

Zhang et al., 2019). The HSV1 protein pUL34 is one of the NEC proteins and in 

KSHV the orthologue is pORF67 (Farina et al., 2013, Desai et al., 2012). It would be 

interesting to investigate whether pORF67 plays a similar role in ER restructuring 

that pUL34 does in HSV1 infected cells. To explore the role of pORF67 in the 

restructuring of the ER in KSHV infected cells, pORF67 knock-out KSHV mutants 

can be generated to see if the ER returns to a normal morphology. Furthermore, 

pORF67 can be transfected into non-infected cells to see if the pORF67 expression 

alone is enough to induce ER restructuring.  

From the observation of remodelled ER in KSHV infected cells, it suggests that 

KSHV might be capable of restructuring the host ER as has been recently identified 

in HSV1 and HCMV. From what I could identify in the literature, this is the first time 

that ER remodelling has been identified in a gammaherpesvirus. Further research 

will be needed to identify whether host atlastins or pORF67 are involved in the 

process.  

 

5.3.2 DOCK5 acts as a GEF for the nuclear Rho GTPase Rac1  

 

As mentioned above, according to the literature DOCK5 is a cytoplasmic protein. 

Despite this, the western blot in figure 5.21 clearly shows a band of the correct size 
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in the nuclear fraction, with no band observed in the cytoplasmic fraction. The same 

result was observed in a repeat western blot on the same cell fractions (therefore, a 

technical repeat). DOCK5 is a member of the DOCK family of GEFs. GEFs regulate 

Rho GTPases which are involved in cytoskeleton modification (Laurin and Côté, 

2014). Rho GTPases were originally linked solely to the cytosol and plasma 

membrane; however, post-translational modifications allow Rho GTPases to transfer 

to cellular endomembrane structures (e.g. Golgi, endosomes and nucleus) (Phuyal 

and Farhan, 2019, Michaelson et al., 2001). For example, Rac1 is a Rho GTPase 

which has nuclear localisation signals on its C-terminal, enabling its relocation to the 

nucleus. Rac1 has been shown to modify actin polymerisation in the nucleus 

allowing Rac1 to moderate nuclear membrane morphology (Navarro-Lérida et al., 

2015, Phuyal and Farhan, 2019). The movement of Rac1 in and out of the nucleus is 

reliant upon the cell cycle, with the G2 phase being associated with higher levels of 

Rac1 (Michaelson et al., 2008). DOCK5 has been found to activate Rac1 in 

osteoclast cells, allowing for bone resorption (Vives et al., 2011). Additionally, 

Kukimoto-Niino et al. (2021) published a 3.8 Å resolution structure of DOCK5 bound 

to Rac1. This evidence suggests that DOCK5 may have links with to the nucleus 

through Rac1 and therefore could be located there as seen in Figure 5.21, however 

it does not explain the total absence of DOCK5 in the cytoplasm in HFF1 and TREx 

cells. Further experiments will be needed to ascertain whether this result is 

anomalous or a novel result.  

The finding that DOCK5 is exclusively located within the nucleus of both B-cell and 

fibroblast cell lines requires follow up experiments to confirm its validity. Especially 

considering that most of the literature points at DOCK5 being primarily a cytoplasmic 

based protein. If I had the time to continue these experiments, I would start with a 

biological repeat of Figure 5.21 with new cell lysates to confirm the presence of 

DOCK5 within the nucleus. This could then be followed up with another commercially 

bought DOCK5 primary antibody, to rule out atypical antibody binding. Confirmation 

of successful antibody binding would be aided with improved positive and negative 

controls. Recombinant DOCK5 can be purchased (or expressed and purified) and 

used as a positive control in a western blot. For the negative control, DOCK5 could 

be knocked down through the use of DOCK5 siRNA which would reduce the 

expression of DOCK5. This would be detectable via western blot and would work as 

a negative control (Olds and Li, 2016). Following this experiment, a number of cell 

lines could be selected to represent the main cell types from across the body. A 

DOCK5 western blot analysis of the representative cell lines (e.g. epithelial 

[HEK293s] and endothelial [HMVEC]) would establish whether the subcellular 

location varies between cell types. The findings from the above experiments could 
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be further supported by immunofluorescence studies of DOCK5, to visualise its 

subcellular location (Stadler et al., 2013).  

 

5.3.3 Herpesvirus follow-up experiments  

 

I started this project on herpesviruses to identify how DOCK5 was involved in KSHV 

egress. I initially tried to image the cytoplasmic capsid accumulation (Figure 5.7) that 

occurred when the KSHV inhibition of DOCK is blocked (identified by the 

Whitehouse laboratory). However, the inability to find any cytoplasmic capsids via 

TEM interrupted this plan. Therefore, I tried to use western blot analysis with KSHV 

capsid antibodies to identify the optimum induction technique for the successful 

production of KSHV cytoplasmic capsids. This was further impeded by the inability to 

find a working KSHV capsid antibody. Unfortunately, due to a mixture of failing to 

find a working KSHV capsid antibody and a significant reduction in laboratory time 

due to the COVID-19 pandemic, I was unable to follow up these experiments. If I 

was able to follow up these experiments, I would try to identify a KSHV induction 

technique that increases cytoplasmic capsids. I would start with the NaB induction 

method as this was the most promising induction technique identified from the TREx 

cell growth curves (Figure 5.19). Due to the previously mentioned issues with KSHV 

capsid antibodies, I would utilise the slower, but more reliable TEM to analyse this.  

To investigate the role of DOCK5 in herpesvirus egress, cells would be infected with 

either KSHV or HSV1 and incubated for the four virus specific time points. Once 

incubated, cells would be lysed and analysed via western blot analysis using a 

DOCK5 antibody to assess whether herpesvirus infection alters DOCK5 cellular 

levels at any of the four time points. To follow up this experiment, TREx and HFF1 

cells would then be transfected with the miRIDIAN microRNA hairpin inhibitor hsa-

miR-365a-3p. After the relevant time point post induction or infection (dependent 

upon the first DOCK5 western blot above) cells would then be lysed via subcellular 

fractionation for later western blot analysis and fixed for TEM. The supernatant of the 

HSV1 infected HFF1 cells would then be collected for a HSV1 plaque assay. Next, 

western blot analysis would be used to assess for changes in cytoplasmic HSV1 

capsid levels and for changes in DOCK5 levels between transfect and non-

transfected KSHV and HSV1 infected cells. This would ascertain whether the 

transfection of cells with hsa-miR-365a-3p prevents the downregulation of DOCK5 

by herpesvirus infection. The cells processed for TEM would be used to ascertain if 

transfected cells had any visible changes to their viral life cycle, with particular focus 

on herpesvirus egress. Finally, plaque assays would be used to determine if there 
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are any changes to infectious HSV1 virion levels between transfected and non-

transfected cells. If the prevention of DOCK5 inhibition by herpesviruses did result in 

an accumulation of cytoplasmic capsids, the experiment could be followed with the 

DOCK5 inhibitor, C21 (Ferrandez et al., 2017). Blocking the action of DOCK5 would 

potentially result in a return normal herpesvirus infection (i.e. the downregulation of 

DOCK5) and therefore the cell phenotype should return to normal viral egress.  
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Chapter 6 : Concluding remarks 
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The main aim of my PhD project was to utilise transmission electron microscopy to 

better understand viral replication cycles. Throughout the three viruses studied here, 

I have demonstrated how TEM offers a glimpse into the cell, providing structural 

details regarding viral alterations of cellular architecture. Despite TEM being an old 

technique that has been used for decades, I was able to use TEM to elucidate novel 

aspects of viral replication cycles. In TULV infected cells, I utilised TEM alongside 

Katherine Davies’ immunofluorescence to identify filamentous viral structures in an 

OW Hantavirus for the first time. Additionally, I observed ER enlargement in TULV 

infected cells, similar to that seen in HTNV infection. In rotavirus infected cells I 

employed TEM to further support the hypothesis that LLPS drives viroplasm 

formation. I then combined this with a bioinformatic analysis, which resulted in further 

evidence that NSP5 acts as a driver of LLPS in rotavirus infected cells. Finally, I 

employed TEM to image the RER ultrastructure manipulation in KSHV infected cells.  

 

6.1 Limitations of TEM 

Despite being a highly useful technique, TEM does have its limitations that I 

encountered during some of these during this project. One of the first issues I came 

across with TEM was the subjectivity in identifying cellular and viral structures. 

Frequently with TEM and most microscopy approaches, features of interest have to 

be positively identified by the operator. This can be difficult due to the large degree 

of morphological variation present within samples. Even structures that are easy to 

identify (e.g. mitochondria) can appear drastically different, even when within the 

same cell. This is further complicated when looking for rare or novel features which 

may have little to no reference micrographs in the literature. For example, I came 

across granular aggregates within the cytoplasm of imaged cells when working on 

rotavirus (Figure 4.14). It took me around two months to identify the structures as 

glycogen granules. This issue is mitigated by user experience; the more micrographs 

one sees, the easier it is for them to identify unknown structures. Furthermore, 

combining TEM with staining techniques such as immunogold, or fluorescence in 

CLEM can drastically mitigate subjectivity (Nixon et al., 2009). By tagging molecules 

or structures of interest with markers, one can objectively identify them later on.   

Another issue with TEM can occur when it is used to view rare cellular events. This 

was particularly evident when imaging cells infected with rotavirus versus KSHV. In 
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rotavirus, virally infected cells are easy to identify due to the presence of large 

viroplasms or capsid aggregates. Whereas in KSHV it was extremely difficult to 

detect cytoplasmic virions due to their scarcity. Therefore it is extremely important to 

assess the rarity of the subject of interest when designing projects with TEM. Based 

on my experience, I think that one of the requirements for a successful TEM project 

is to ensure that the events being imaged are abundant (e.g. in the case of viral 

replication cycles, this would mean that the virus produces a large number of 

progeny virions). For example, one of the advantages of identifying viral changes to 

ER size and shape is the sheer number of ER present in cells. This guarantees a 

large sample size per number of cell sections imaged, making it easier and quicker 

to get a representative sample size. Again, the issue of rare cellular events can be 

mitigated through tagging techniques such as CLEM.  

Despite its shortcomings, TEM offers an unparalleled level of structural detail when 

used to image virally infected cells. With it I was able to elucidate aspects of 

cytoplasmic replication in three different viruses, which will hopefully contribute to 

improving our understanding of these viral replication cycles, which could be used to 

develop new antivirals.  

 

6.2 Viral factories as a common mechanism of viral replication 

Viral replication varies greatly depending upon the virus in question. However, a 

common theme across different viruses is the reorganisation of the infected cell and 

the formation of a viral factory. Viral factories are discrete, intracellular regions that 

contain the necessary viral and cellular components to produce progeny virions 

(Fernandez de Castro et al., 2020). Strikingly, while viral factories can be highly 

heterogenous across different viruses, they also present some commonalities. This 

can be seen across the three viruses I studied in this thesis. DNA viruses typically 

replicate their genomes within the nucleus (e.g. Polyomaviridae), although there are 

DNA viruses which replicate exclusively within the cytoplasm (e.g. Poxviridae) 

(Erickson and Garcea, 2019, Kieser et al., 2020). In contrast to this, the majority of 

RNA viruses form viral factories within the cell cytoplasm (Fernandez de Castro et 

al., 2020). Within the cytoplasm, there are a number of locations and organelles 

exploited by viruses which act as sites of replication. For example, invaginations 

known as spherules can be formed within a number of membranes such as the 

plasma membrane, ER and endosome by certain viruses (e.g. Togaviridae) (Laurent 

et al., 2022). Additionally, host membranes can be remodelled to form double-

membrane vesicles (e.g. Caliciviridae) and tubules (Hepeviridae) (Snijder et al., 
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2020, Bentaleb et al., 2022). Finally, viral factories can be formed without 

membranes (e.g. Rhabdoviridae) (Nevers et al., 2020).  

 

6.2.1 Comparison of KSHV and other DNA virus replication factories 

Regarding DNA viruses, in this thesis I studied the viral factories of the herpesvirus 

KSHV. These are similar to those generated by polyomaviruses, which are small (40 

to 50 nm), non-enveloped DNA viruses which infect mammals and birds (Ahsan and 

Shah, 2006). Polyomaviruses replicate within the nucleus of infected cells, where 

they form large replication factories which act as sites of DNA replication and 

packaging (Erickson and Garcea, 2019). In both John Cunningham (JC) virus and 

murine polyomavirus (both model polyomaviruses), TEM and ET allowed for the 

visualisation of the viral replication factories, revealing capsid clusters. This has also 

been seen for herpesviruses, in which capsid intermediates are frequently observed 

in large clusters (Myllys et al., 2016). However, in contrast to herpesviruses, 

polyomaviruses also present tubular intermediate assemblies within the nucleus 

(Erickson and Garcea, 2019, Erickson et al., 2012). The tubular intermediates are 

made entirely from the major capsid protein VP1 leading to the conclusion that the 

tubules act as an intermediate, with capsids budding from the tubes (Erickson et al., 

2012, Erickson and Garcea, 2019). Another difference between polyomaviruses and 

herpesviruses is the way the capsids exit the nucleus. While herpesvirus capsids 

must undergo a process of envelopment and de-envelopment within the nuclear 

membrane (as their capsids are too large to pass through the nuclear pores) the 

process in polyomaviruses is less understood (Panou et al., 2018). Currently, the 

mechanism by which polyomaviruses undergo nuclear egress is unknown, however 

the viral agnoprotein has been found to be an essential egress factor. Studies show 

that when agnoprotein is knocked-down, virions remain trapped within the nucleus 

(Panou et al., 2018).   

Despite being DNA viruses that replicate within the nucleus of infected cells, a key 

aspect of herpesvirus replication occurs within the cytoplasm, involving 

tegumentation and envelopment (see section 5.1.6.7) (Owen et al., 2015). My key 

finding with regards KSHV replication is the RER restructuring I observed by TEM. 

Of note, similar ER restructuring has been observed in alpha and beta herpesviruses 

(Maeda et al., 2017, Nguyen et al., 2020), suggesting this is a common theme for 

herpesviruses.  

Another DNA virus family that restructures the ER are poxviruses. Poxviruses are a 

family of DNA viruses that form a singular viral factory (originally called Guarnieri 

bodies) within the cytoplasm upon entry into the cell (Kieser et al., 2020). In early 
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infection, the factories contain viral DNA enclosed within RER-derived membranes, 

which enlarge over time and form distinct internal regions (Tolonen et al., 2001, 

Katsafanas and Moss, 2007). These internal factory zones host viral mRNA and 

translation factors, enabling the expression of viral proteins (Katsafanas and Moss, 

2007). In late infection the surrounding RER membranes are reassembled using viral 

membrane assembly proteins. The RER membranes are reorganised into crescent 

structures which act as a source of membranes for the newly produced immature 

virions (Weisberg et al., 2017, Kieser et al., 2020). Immature virions are then 

processed into mature virions, of which a small number will then obtain additional 

membranes from the Golgi and then egress via fusion with the plasma membrane 

(Harrison et al., 2016). As discussed in section 5.31, it will be interesting to see the 

role of ER restructuring in Herpesviridae viral replication further explored in the 

future. However, it is tempting to speculate that like in poxviruses, the ER 

modifications seen in herpesviruses are also related to virus assembly. 

 

6.2.2 Membrane-bound viral factories of RNA viruses 

DNA viruses are not the only viruses to produce progeny virions within the cytoplasm 

of infected cells - RNA viruses are also well established at replicating within the 

cytoplasm. The majority of RNA viruses replicate their genomes within the cytoplasm 

as they have no need for the DNA replication machinery within the nucleus. 

However, replicating RNA within the cytoplasm via RdRp risks triggering the innate 

immune system. Consequently, RNA viruses have evolved to separate their viral 

replicons from the cytoplasm via modified cellular membranes or LLPS (Roingeard et 

al., 2022).  

(+) ssRNA viruses represent the best studied examples of cytoplasmic viral factories 

derived from cellular membranes, forming structures such as double-membrane 

vesicles and spherules. Many other (+) ssRNA viral factories have been 

characterised in detail, but their description is outside the scope of this discussion.  

Contrary to (+) ssRNA viruses, the viral factories of (-) ssRNA viruses generally do 

not involve cellular membranes, e.g. rhabdoviruses (see section below). An 

exception to this are Bunyaviruses (order Bunyavirales), for which the remodelling of 

host Golgi to form tubular replication factories has been observed for the model 

bunyavirus BUNV (Salanueva et al., 2003, Novoa et al., 2005, Fontana et al., 2008). 

These tubes have been found to contain the viral protein NSm, cellular actin and all 

the elements required for viral replication (including nucleoprotein and polymerase). 

Additionally, the replication factories contain RNA replication intermediaries such as 

dsRNA (Elliott, 2014, Fontana et al., 2017). Strikingly, I did not see any of 
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remodelled Golgi membranes around or within the filamentous structures identified 

when imaging Tula virus infected cells via TEM, suggesting that the Golgi 

remodelling for TULV is not as extensive as the one occurring for BUNV. However, 

Katherine Davies immunofluorescence imaging did identify Golgi proteins amongst 

the NP filaments. This indicates that the Golgi might be partially involved in the 

production of progeny virions in Tula virus infected cells. Although I did not observe 

any morphological changes in Golgi structure via TEM, there was a large degree of 

ER enlargement and branching as infection progressed. This suggests that TULV 

might use the ER as a site of viral replication, although this will need further studying 

(see section 3.3.1.3 and 3.3.2). These results suggest that different families from the 

Bunyavirales order might differ in their replication strategy. In the future, it will be 

interesting to follow our understanding on the different types of viral factories formed 

by this large group of viruses. 

 

6.2.3 Membrane-less viral factories of RNA viruses 

In addition to forming viral replication sites within membranous structures, RNA 

viruses, like Rabies virus, are also capable of forming membrane-less replication 

compartments, which are similar to the ones formed by rotaviruses (Nevers et al., 

2020). 

Rabies virus forms membrane-less viral factories within the cytoplasm on infected 

neurons known as Negri bodies (Kristensson et al., 1996). Rabies virus is a (-) 

ssRNA, neurotrophic virus of the Rhabdoviridae family that is responsible for causing 

fatal encephalitis in humans (Fooks et al., 2017). Like the rotavirus viroplasms 

covered in this thesis, Negri bodies form through LLPS (Nikolic et al., 2017). In 

rabies virus (and other rhabdoviruses), the inclusion bodies contain the viral 

nucleoprotein, phosphoprotein, polymerase, matrix protein and RNA (genomic and 

mRNA) (Nevers et al., 2020). Whilst containing all these components, the formation 

of the Negri bodies is dependent upon the interaction between the phosphoprotein 

and nucleoprotein (Nikolic et al., 2017). In fact, the expression of the nucleoprotein 

and phosphoprotein alone results in the formation of Negri body-like structures. The 

phosphoprotein contains several disordered regions which enable it to form the 

multivalent bonds necessary for LLPS, whereas the nucleoprotein is able to bind to 

RNA (Nikolic et al., 2017). Consequently, it is predicted that the nucleoprotein binds 

to both viral RNA and the phosphoprotein within the viral inclusions (Mavrakis et al., 

2003). Once formed, the Negri bodies act as sites of viral transcription and 

replication, allowing for the production of progeny virions (Lahaye et al., 2009).  
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Like in rabies virus and several other viruses which form membrane-less viral 

factories, my experiments and other research indicates that rotavirus forms its 

viroplasms via LLPS (Geiger et al., 2021). Additionally, the bioinformatic analysis on 

NSP2 and NSP5 further support the hypothesis that NSP5 acts as a driver of LLPS 

viroplasm formation. Interestingly, the role of NSP2 and NSP5 in rotavirus viroplasm 

formation similarly mirrors the role of the nucleoprotein and phosphoprotein 

(respectively) in rabies virus inclusion body formation.  

 

6.3 Final conclusion 

Overall, this thesis illustrates the great complexity that viral factories can present. 

Increasing our understanding of their organisation and composition in different 

viruses will highlight similarities between different viruses, enabling us to tackle the 

burden caused by viruses. 
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